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I. IHTRODUCTION 
The biological in^jortance of proteins is unquestioned. Proteins 
are always associated nith growth and reproduction. Their inportance 
and functions arise largely from their great specificity, which in turn 
is dependent on the con5)osition and structure of the individual protein. 
itoteins are conmlex snbstances of relatively high molecular weight 
conposed of large numbers of simple amino acids joined together by pep­
tide linkages, i'or instance hydrolysis of ovalbumin (the protein of 
interest in this dissertation} and subsequent analysis of the hydro-
lyzate indicates the ovalbumin molecule (iuW, 14.5,000) to contain approx­
imately the foUovilng number and kind of amino acids residues (37, h9): 
alanine 3U, arginine 15, aspartic acid 27, glutamic acid ii9, glycine 19, 
histidine 7, isoleucine 21i, leucine 34, lysine 19, methionine 16, phenyl­
alanine 20, proline 33, tyrosine 10, valine 18, serine 35j threonine 15, 
tryptophane 6, cystine and/or cysteine (as cysteine) 6. istatistically 
these amino acids could have been arranged in any order or combination. 
It is evident, however, that the specificity of the protein requires 
that the order and airangement is definite or very nearly so. Obviously 
the elucidation of the order of these nearly 2;00 amino acid units in the 
polypeptide chain is a tremendous task. It is of interest to note that 
progress has been made during the last few years on this problem. The 
order or partial order has been worked out on some of the smaller proteins 
and polypeptides, notably insulin and gramicidin S. 
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Tile order, numiaer and identity of the amino acids in the polypeptide 
chain are not the only factors which give the protein its iinique set of 
properties. OvalbunLn has been shown to belong to the groi^) of globular 
proteins; thus, it must have a folded structtcre and not a fibrillar one 
as the term "polypeptide chain" suggests. In fact it has been shown 
that it is this three dimensional structure '•hich gives it many of its 
specific physical and biological properties. Even its chemical proper­
ties are dependent on the manner and congpleteness of folding. Many of 
the characteristic reactions of the amino acids ToaMng up the protein 
are either conqpletely or partially lost in the native folded protein 
molecule. 
Proteins are relatively unstable and changes in the structure of 
the native protein can be produced by many agents. These changes in 
chemical, physical and/or biological properties brought about by the 
modification of the unique structure of a native protein are included 
ujider the single term "denaturation". The manifestations of denattrration 
are many and varied, as are the agents capable of producing it. -any 
understanding of the nature of the changes produced during denaturation 
or the nature of the process itself will make possible a clearer picture 
of the three dimensional structure of the native protein molecule. 
When a solution containing native ovalbumin is heated near its 
isoelectric point there is a change of solubility of the protein, '•i.'he 
solution becomes cloudy and the ovalbumin precipitates. If small amounts 
of dilute acid or alkali are added to an ovalbumin solution of low ionic 
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strength so that the pH is either lowered or raised, from the isoelectric 
point and the sscqjle is then heated precipitation does not occur and the 
solution apparently remains clear, It becomes evident that the effect 
of the denatirring agent, heat, on ovalbumin is a function of the environ­
ment of the protein molecule as rrell as of the molecule itself. It is 
knosna that a change in solubility is frequently acconpanied by aggregation. ' 
Dissociation of some native proteins into tiro or more units has been 
observed and at extremes of pH it is probable that hydrolysis takes place. 
Denaturation frequently tends to increase the assymetry of the 
protein molecule. This is believed to be due to an unfolding of the 
native molecule. About the time this larork iras started foster and 
E. Samsa irere studying the influence of denaturation on the length of 
the ovalbumin molecule using the flow birefringence technique. They were 
! 
able to obtain characteristic lengths of the partially -unfolded denatured 
I 
protein molecule under conditions which gave homogeneous solutions of 
the solute protein. It "Bas not certain, however, -whether the length 
obtained from birefringence measurements could be attributed to a solu-te 
of the same molecular weight as before denaturation. 
•Aggregation, dissociation, and hydrolysis all have an influence on 
the size of the solnte molecule (apparent molecular weight). It was 
desirable to apply a method permitting measurement of particle size 
before and after denaturation of the pro-tein. The light scat-tering tech­
nique of P. Debye for the determination of molecular weight seemed -to 
provide a possible answer to the problem. light scattering has been 
k 
applied to the determination of the apparent molecxilar weights of high 
polymers in dilute solutions. 'The method is particularly applicable to 
solute particles having an apparent molecular weight of from 10,000 to 
5,000,000. Molecular weights as low as 3U2 (sucrose) have been determin­
ed with an accuracy of 10^ and by s^plying suitable modification to the 
single theory particles having apparent molecular weights greater than 
5,000,000 have been studied. Jtost of the pure crystalline proteins have 
molecular weights lying well within the ideal range. The usefulness of 
light scattering technique in the determination of the molectilar weight 
of native proteins has been demonstrated. Relatively little has been 
done, however, on the application of the method to the problems of de-
naturation. If a characteristic dimension (diameter of a sphere, length 
of a rod, or mean square distance betjreen the ends of a random coil) of 
the particle under observation becomes larger than about l/20th the wave 
length of the incident light^ theory permits one to say something about 
the shape of the particle. It is highly probable that some proteins 
aggregate end to end (fibrinogen). The fully extended ovalbumin molecule 
O 
is calculated to have a length something over 1000 A, It would require 
only five such extended molecules aggregated end to end to produce a 
particle having a length irtiich approaches the wave length of light, 
^hus it might be possible to determine the mode of aggregation by light 
scattering. 
Tne work described in this dissertation is ccmposed of three parts. 
1. The design, construction and calibration of an instrument for 
5 
the measurement of turbidities thus enabling one to obtain the 
information needed for the application of the light scattering 
theory. 
2. J^evelopment of sioitable procedures and techniques for the use 
of the insti-uaent for the study of protein solutions—^particu­
larly TJith respect to the problem of denaturation. 
3» -^plication of parts 1 and 2 to the specific problem of heat 
denaturation of ovalbumin. 
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II. EETIEff OF LITERATORE 
A. Light Scattering Theory 
The interest in light scattering has increased considerablj in the 
past decade. P. Debye's irork (18, 19) renewed interest in the field 
and made it clear that molecxilar weights of large molecules could be 
determined with conparative ease. Hot only had it become clear that 
molecular weights could be determined but that something could be learn­
ed of the size and shape of the scattering molecule. This increased 
interest in light scattering has stimulated a large number of fine review 
articles (23, 2li, 26, h3j SUj 61, 62, 73 j 79, Bh) which adequately cover 
Idle theory and more or less conroletely cover the areas of investigation 
to which the theory has been applied. It is not intended that this work 
shall duplicate the areas covered by these reviews. Suffice it to say 
that the light scattering literature is rapidly becoming extensive, for 
light scattering techniques have provided a valuable tool for studying 
many of the phenomena accoii?>anying solutions of high polymers and macro-
inolecules. It is of interest in this review to consider those phases of 
the light scattering theory and applications which have been helpful in 
applying the theory to the problem at hand and in understanding and 
interpreting the results obtained. 
Whenever light passes through a medium the intensity is diminished 
in accord with Lambert's law 
7 
I a Ip e-^ 
•where Iq is the intensity of the incident light; I is the intensity of 
the transmitted light after passing through a meditm of length 1, and 
K is dependent on the nature of the medium. The "diminution " coef­
ficient K may be due to several phenomena (absorption, fluorescence, 
scattering) (See Jenkins and TJhite (39) )• If one is dealing nith 
transparent media K is generally dependent on scattering only. The 
above equation then becomes 
I » Iq 8"'*'^  
where T is the turbidity of the substance under investigation. This 
turbidity due to scattering arises from the fact that a light beam sets 
t5> oscillations in the scattering particle of the same frequency as 
that of the incident light. Such oscillating dipoles act then as 
secondary light sources radiating light of the same wave length as the 
incident beam. Rayleigh (68) early recognized the origin of the scatter­
ed light, applied the electromagnetic tiieory to scattering from a gas 
and iras able to account for the intensity, color and polarization of 
light from the sky. 
% 1908 Smoluchojrsky (TU) was able to explain the intensity of 
scattered light for liquids (particularly near their critical teaperatures) 
on the basis of a concept of thermodynamic fluctuations. Thermal motion 
of the molecules of the liquid created optical inhomogeneities in the 
material due to the resulting density fluctuations. About the same time 
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Einstein (31) further extended Smoltichowsky's theory to liq^d mixtures 
to include inhoaogenieties in the refractive index due to fluctuations 
in concentration. The turbidity arising from concentration fluct-oations 
is given by 
T » ByVpc (*>V«>c)^ 
3 Nq (-cJUQ/JC) 
irhere A is the irave length of the incident light, Nq is Avagadro^s 
% 
number, is the partial molal volume of the solvent, £ is the 
dielectric constant, c is the concentration in grains per nO.., Uq is 
Gibbs chemical potential of solvent, and ST has its usual significance# 
The chemical potential is related to the osmotic pressure, P, of the 
solution by the equation 
-tk) - ^o P 
and 
^ €--€•» St n^ - n^^ = (n - rip) (n <f n^) "« 2 n^ (n - np) 
Oc C c c C 
where n and n^ is the refractive index of the solution and solvent 
respectively. (See Oster (62) ), This leads us to the equation given by 
P. Debye (18, 1?) 
T.322L 
3 C aCP/RT) 
<D c 
It is well known that even for solutions iriaich deviate appreciably from 
van't Hoffs* lanr the osmotic pressure can be expressed by a two-term 
expression of the form 
where M is the molecTilar weight of the solute and B is the so called 
interaction constant which can be used as a measure of the deviation 
from ideal behavior, 
«^(P/RT) =1 2B c 
M RT 
Thus 
•T = 32 7T^ n^ (dn/cfc)^ c 
3 NTX^ 1 ^  2B C 
'0 ^ — + — 
M ^  RT 
As ^ n is very nearly coristant 
6 c 
T = He 
1/E + 2B/aT c 
or 
where 
Ec/f - 1/M + 2B c 
If 
3 X 
Usually H is evaluated from constants and the Pleasured refractive incre­
ment at the wave length of light used, and f is measured at varioTzs 
concentrations• 
Hc/t' is then plotted as a function of ccncentration. The best 
straight line through the observed points cuts the ordinate at a value 
which is the reciprocal of the molecular weight. 
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The above equation for the tttrbidity is applicable to solute mole­
cules irhich are small with respect to the irave length of light used 
(largest linear dimension less than l/lO to 1/20 the wave length of 
light). If a linear dimension of the solute molecule becomes larger 
than this the particle can no longer be considered as a point scatterer 
and the intensity of the scattered light will be decreased by the 
destructive interference of light scattered from the various portions 
of the molecule irtiich are far enough apart to produce a phase lag 
approaching one-half wave length. Interference is greatest for light 
scattered in the backward direction and decreases as the direction of 
scattering approaches that of the incident beam. The intensity of the 
backward and forward scattering from a point scatterer is the same at 
90 f and 90 - (|) where is the angle between 90* and the angle of 
measurement. This is not true, however, in the case of molecules having 
a linear dimension approaching A • The scattering at 90 - (|) (forward 
direction) will be greater than the scattering at 90 + !^ (backward 
direction). The ratio 90 - (t/90+ $ is a measxire of the incoherent 
scattering produced by the solute molecules. This ratio Is called the 
dissymmetry. 
Itie (55) (See also Sinclair (72) studied this interference effect 
for particles of simple geometric shape. Exact evaluation of the effect 
is difficult, however, when the refractive index of the particle differs 
much from that of the solvent. P. P. Debye (20) and P. Debye (18) have 
obtained solutions of the problem for particles having such shapes as 
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spheres, rods and random coHs by assuming that the refractive index of 
the solute and solvent are the same. For exanqjle the equation for the 
intensity of light scattered from a rigid rod of length L tuhen illtnni-
nated by light of irave length X is 
f2x 
I L/A} • iP I sin X dx (sin x) 
X / X X 
/o 
9 is the angle of observation as measured relative to the foreward di­
rection of the incident beam, 1° is the intensity of light scattered ly 
particles which are small as cocqpared with X and x - 2TTL/\ sin B/2* 
Similar expressions for the intensity of scattering for other sii^ily 
shaped scatterers can be expressed as a function of D/a and angle of 
scattering where D is a characteristic dimension of the scatterer* 
The measured turbidity of solutions showing dissynmetry is less 
than it should be due to destructive interference. This necessitates 
a correction of the molecular weight obtained fi«m 90* scattering alone. 
The correction factor can be evaluated providing an appropriate molecular 
model can be chosen and the dissymmetries at several concentrations 
measured. (See Mark (5U).) The radius of the native ovalbumin molecule 
O 
in the hydrated state (assuming a sphere) is the order 27 ^  (lO) and 
O 
the length of the denatured molecule is of the order of 500 A (70). 
O 
Using the green line of mercury (X = 5I4.6I A) corrections need not be 
applied to molecular weights for the native ovalbumin and are very small 
for the denatured molecule. 
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The length of a particle exhibiting dissynmetry can be estimated 
ftom the intrinsic dissyimetry (dissymmetry as the concentration 
approaches zero) and the equation for the chosen geometric shape of the 
nolecrO-e, Theoretical ctmres of the type shorn in Fig. 29 can be 
plotted in irtiich L/X* is a function of the dissymnetry. These ctirves 
my be used to estimate L» 
It is apparent then that while solutions showing dissymmetry have 
the disadvantage that corrections must be applied to the molecular weights 
obtained from measurements of 90° scattering they have the advantage of 
yielding more information about the shape of the scattering particle# 
Scattered light is cocpletely plane polarized normal to the incident 
beam providing the particle producing the scattering is small and iso­
tropic. If, however, the particle is large or anisotropic the 90* scatter­
ed light is no longer con^jletely plane polarized in the vertical direction 
but there is a small horizontal component, This horizontal conponent 
has the effect of increasing the intensity of the light scattered at 90° 
and the measured turbidities, unless corrected, lead to high molecular 
weights. The measured turbidities should be divided by the term 6 6p 
6 - 7p 
where p is the depolarization. The depolarization is defined as the 
ratio of the intensity of the horizontal component of the scattered 
light to the vertical con^ionent (25, 81i). The depolarization occuring 
in protein solutions is very low and has been considered by most investi­
gators to be negligible (60); thus depolarization has not been of 
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interest in this investigation. It should be mentioned, hovrever, that 
the mestsxreinent of depolarization in scattering solutions leads to 
informtion concerning the size and anisgbropy of the scattering parti­
cles# 
Recently Cashin and P. Debye (12) have pointed out the possibility 
of deteraining both molecular weight and size of solute molecules in 
solutions exhibiting scattering by the measurement of turbidity only. 
The method requires that measurements be made at several different "nave 
lengths and several concentrations. It is necessary to measure refractive 
increments at the various Trave lengths used. The usual Hc/r vs concen­
tration plot is made for each Trave length. If the molecules of the 
solute are not small as corpared to the "srave length of light the inter­
cepts for ^ c/r) c _».o at the various wave lengths will not be the sane 
and cannot be equal to the reciprocal of the true molecular weight. It 
is true, however, that 
C®c/t)c—-o 1 
M S 
where as a first approximation 
1/S = 1 t (n^ Vx^ ) 
where D is the molecular linear dimension, A is a constant and n^ and 
have their usual significance. If then the (HC/T )_ . intercepts at 
the various wave lengths are plotted as a function of a straight 
line plot should be obtained whose intercept at - 0 gives the 
correct value for the reciprocal of the molecular weight. Furthermore 
the slope of the curve is equal to AD^ . Debye has evaluated A in the 
M 
Ill 
case of the sphere and the random coil thus permitting an evaluation 
of the linear dimension D. 
B. Instruments for Light Scattering Ifieasnrements 
1. General instrtimental techniques 
The primary function of the light scattering instrument is to 
measxire in some fashion the intensity of light scattered irhen a beam of 
light passes through a solution -which scatters it, ^he type of instru­
ment of primary interest in this paper is one irhich measures the scatter­
ed light in a direction normal to the incident beam. It is also of 
interest to be able to measure the scattered light at angles symmetrical 
about 90' Vfany instruments have been described in the literature for 
the measurement of turbidity and/or dissymmetry. These instruments 
obviously vary considerably in construction and design but all have 
certain essential features in common. 
a. Light source. This is generally an AHU or high pressure ^3 
mercury arc lan^). It is usually mounted in an air or water cooled 
housing. 
b. CoT],iination. The light is usually rendered parallel or slightly 
convergent by suitable lens combinations or by a lens and diaphram or 
slit combination. 
c. Filters. Glass filters are generally enployed to isolate the 
mercury line selected. The filters are placed in the incident beam. 
15 
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The mercury green, 5kSl and the mercury blue, h35Q A lines have most 
generally been used for light scattering irork. Inasmuch as the intensity 
of scattered light is inversely proportional to the fourth power of the 
wave length the blue line has the advantage of producing a more intense 
scattering beam. ^Hssymmetry is increased using the shorter wave length 
which may or may not be an advantage in using blue light, The green 
light is usually used in visual instruments as it produces less eye fatigue. 
d. Scattering cells« The variety in scattering cells is almost as 
great as the number of instruments described. It is highly desirable 
that the observed scattered light pass out of the cell normal to the 
surface of the irall in order to avoid the necessity of making trouble-
some corrections due to refraction at the surface. Instruments which 
measure only 90° scattering generally txse square cells of various sizes. 
Further discussion of cells will be included in the description of par­
ticular instruments. 
e. Measuring device. Three methods have been used for the measure­
ment of the intensity of the scattered light, namely visual, photoelectric 
and photographic. The visual system usually has consisted of the optical 
and di^hram arrangement of a 2eiss Pulfrich photometer. Light passing 
into the photometer from the scattering cell can be matched against the 
intensity of the light comiiig from a reference beam by rotating one or 
both of the dials irtiich operate diaphrams regulating the quantity of 
light reaching the visible semicircular fields of the instrument. 
dial readings can be related to the turbidity of the scattering sangple. 
16 
The photoelectric instruments vary considerably in design and 
con?)lexity. The essential feature, however, is the positioning of a 
photocell or a photoniultiplier tube in such a fashion that it -rill pick 
up the scattered light at the desired angle and transmit the signal 
produced to a suitable circuit capable of producing a deflection in a 
gsilvanometer or actuating some other device for measuring the magnitude 
of the signal, 
Photographic methods make use of the principle that the degree of 
darkening on a photographic film is proportional to the intensity of 
light striking the film, ^he film is exposed to the light scattered at 
the desired angle or angles. Under controlled conditions, adjacent areas 
of the film are exposed to light from a reference beam of known intensity. 
Ifeasiarements on the developed film "Kith a densitometer permits evaluation 
of the intensity of the scattered light. 
f. Reference or monitor beam. Provision is usually made for a 
monitoring device which can be used to balance out -fee intensity fluctu­
ations of the light source. Frequently the reference beam is obtained 
by placii^ a glass plate at hS" (or some other suitable angle) to the 
incident beam of light ttius picking off a small fraction of the beam which 
is then introduced into the monitoring device, ^he reference beam passes 
into one side of the ^ eiss Pulfrich photometer in the visual instrument 
or in the case of the photoelectric instrument it passes into a suitably 
placed photocell. 
g. Light trap. Provision is usually made for the absorption of 
17 
the primary beam of light after passing the scattering cell to prevent 
secondary reflections from influencing the resxilts obtained* Ihis is 
acconplished by passing the primary beam of light ftom the cell into a 
blackened cavity* 
h. Accessories, Neutral filters, opal glass, groimd glass plates, 
and polaroids are frequently provided to facilitate calibration and 
adjustment of the instrument and in the case of the polaroids to permit 
depolarization measurements. 
i. Calibration. Most instruments are calibrated by using pure 
liquids, solutions of kncmn reduced intensity or purified high molecular 
weight substances of known molecular ireight. A few have provisions 
enabling one to calibrate on an absolute basis by con55aring the intensi­
ty of the scattered light to that of the incident light* 
2. Discussion of instruments 
With the above mentioned general features of light scattering 
instruments in mind the features of individual instruments may be more 
easily described. Stein and Doty (78) and Doty, Zinnn, and Mark (28) 
have described a visual instrument using the Zeiss Pulfrich photometer* 
O 
Their cell was a square one. They used the green $k6l A line and the 
instrument was calibrated using the reflectivity of a magnesium carbonate 
block and checked against a Zeiss opalescent prism. They measured 
dissymmetries on a separate instrument en^iloying a long rectangular cell. 
Suitably placed mirrors reflected the scattered light from the scattering 
18 
voltiine into the two sides of the Zeiss Pulfrich photometer. At balanced 
fields, the ratio of the intensity of the rays shoiild be in:v'ersely 
proportional to the respective dial readings of the photometer. Wilson 
(82) ha-c! described an g-ngni a-r distribution attachment irtiich can be used 
TTith the 90® turbidimeter of Stein and Doty. The attachment makes use 
of successive reflection ftom two mirrors, placed in the path of the 
incident beam to change the direction of its passage through a circular 
scattering cell, ^e positions of the mirrors can be changed to permit 
measurement of fonrard and backtrard scattering. 
Andreev (1) in 1931 "Tas one of the first to describe a photoelectric 
apparatus for measuring turbidity. He used a photoelectric cell placed 
to the incident light through the cell. The cell was illuminated 
by a tungsten lanp. The measurement was calibrated to permit measuremeat 
of intensities by the deflection produced in a sensitive galvanometer. 
P. P. Debye (20, 21) and P. Debye (19) describes a photoelectric instru­
ment irhich can be used Tfith three separate-interchangeable lan^) houses 
containing AHU, H6, or tungsten filament lan^. Provision is made for 
measuring depolarization "with polarizers placed in the paths of the 
incident and scattered beams. Four phototubes provide a means of measur­
ing the intensity of the light from the light source, the transmitted 
beam, 90® scattering and (by means of a mirror) the light scattered at 
angles other than 90*. The instnmient was calibrated using polystyrene 
of known molecular -weight, ^^aarn, IJariner, and Dixon (76) used a photo­
electric 90® turbidimeter. Their light source was a 33 mercury lauro. 
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The green line was used. Calibration tras made against benzene, 
Zinm (83) makes use of a photomultiplier tube to meastire the angular 
scattering. The measxirements are made by xise of a potentiometer circuit 
•which balances the current from the photomultiplier tube against that 
produced by a photocell which monitors light from the incident beam# 
The light from the AHU lanp was modulated at a definite frequency in 
order to facilitate measxjrements not influenced by dark current. Zimm's 
solution cell is unique in that its whole voltune can be observed by the 
photometer at all angles. It consists of a small thin walled conical 
glass bulb which holds the sacple. The cell is then immersed in a conical 
flask containing a liqtdd of approximately the same refractive index as 
the solvent of the solution being measured, ^his flask acts as a con­
stant temperature bath. The apparatus is capable of measuring relative 
intensities at angles from 30® to 150° and of the same order of magni­
tude as those of common organic solvents with an accuracy of one percent 
or better. 
KLaker, Badger and Gilmann (6) have described two instruments, one 
for the measurement of 90® scattering and the other for recording the 
angular distribution of scattering. The instrument for measuring 90° 
scattering uses an AHU laiigj with suitable filters, lenses and slit. 
They used a rotatable disc containing polaroid sheet which permitted 
polarization measurements. The incident beam was introduced into the 
bottom of the cell by means of a kB" mirror. The cell consisted of a 20 
cm. section of i^ rex tubing, 35 mm. in outside diameter, with 2h/kO 
20 
standard-taper joint on top and a disc of polished Pyrex glass cejnented 
to the bottom. The standard taper joint was closed with a short "horn" 
•which served as a light trap. The 90** scattei*ing could be laeasnred 
•using a photomul'tiplier tube—^po^tentime^ter circuit. The in^tensity of 
the scattered light is C03i5)ared TJith that of the incident beam by means 
of a second pho^tocell nrhich receives li^t diverted from the incident 
beam. The instrument for measuring the angular dis^tribution of scatter­
ing enploys a photographic recording technique tvhich permi^ts measurement 
of scattering at angles covering the range 20-161®, Tlie camera permits 
recording, side by side on the film, light scattered at any angle and 
that scat-tered at 90° •under conditions such that the paths traversed 
by the two scattered beams are practically identical. Density readings 
•were made •using a densitome^ter, 
Brice, Halwer and Speiser (9) (See also Speiser and Brice (75) and 
Brice (8) ) describe a photoelec^tric pho'tome'ter designed for the measure­
ment of absolute ttcrbidity, dissymmetry and depolarization. The pho-to-
me-ber con^irises essentially "the cus"bomary light source, fil-fcer, lens-
diaphram system, a six-sided scattering cell for measuremen^ts at O", 
hS" and 135®, a multiplier pho-ix)'bube-galvanometer circuit and removable 
polarizer and analyzer. Direct calibration against the intensity of the 
incident beam can be made using suitable diffusors. 
La Mer and co-^workers (3, itO, Ul, lilt, 1;5) have been interes^bed in 
studying scat^bering sys^tems containing particles large enough to exhibit 
second order scattering, "^'hey have been primarily in^berested in the 
21 
study of sulfur sols. Kerker and La Ifer (14.2) describe an instrument 
particularly designed for -yrorkwith larger particles. It uses a photo-
sultiplier tube-galvanometer circuit for measuring the intensity of the 
scattered light, a cylindrical cell, ^ ^lan-Thoiroson prisms for polarizer 
and analyzer as well as the usual mercury light source, filters, and slit 
system. 
Patzeys and Brosteaux (67) early described a photoelectric instru­
ment and Edsall, ^  al (30) have described two instruments. These 
instruments are similar to or modifications of one or more of the 
instruments already described. 
There are two commercial instruments now available. One is the 
Brice instrument, already mentioned, manufactured by the Phoenix Precision 
Instrument Co. and the other is one made by the American Instrument Co.* 
C. Applications of Light Scattering to the Study of Proteins 
Putzeys and Brosteaux (67) were perhaps the first to use a photo­
electric instrument to measure the relative intensities of light scatter­
ed from various protein solutions. They were able to show that, when 
proper precautions were taken, the scattering power stood in exactly the 
same ratio as the molecular weights of the proteins studied. Their early 
work included studies of ovalbumin, amandin, excelsin, and haemocyanin. 
The molecular weight of amanrixn (330,000) was xised as standard. They 
concluded that influences such as hydration and ionization must play an 
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insignificant role in light scattering measurements. They determined 
the depolarization and gave values for the Cabannes factor, 6 -f 6p , 
6 - 7p 
for the determinations made. In the case of all four proteins mentioned 
above, the Cabannes factor is very near unity. Depolarization thus 
plays a negligible role in light scattering measurements on isotropic 
proteins. All depolarization neasurenents on protein solutions report­
ed to date (30, 51, 52) indicate that depolarization values are very 
low and unless great care is taken in maJdLng measurements nothing can 
be learned from them as to the acisotropy of the protein molecule# 
Two review articles of interest and iuportance have recently 
appeared. One is by Oster (80) on "Scattering of Visible light and 
2-rays by Solution of Proteins". The second is a more extensive review 
called, "Light Scattering in Solutions of Proteins and other Large 
ifolecules" by Edsall and Dandliker (29). The latter review tabulates 
the molectilar weight determinations which have been made on some twenty 
three different proteins. Halwer and Brice (35) report a molecular 
weight for/S-Lactoglobulin in phosphate buffer (pH 5*2) of 33,700. Of 
interest in connection with this work is the fact that the slope for 
Hc/f vs concentration curve is negative. A negative slope was found in 
this work for lysozyme (reported later). 
Lotmar and Nitschmann (53) report some light scattering measure­
ments on skim milk. They found that the intensity of the scattered 
I 
light was decreased markedly on the addition of sodium hydroxide. This 
23 
was attrib-uted to the dispersion, of the globular native casein molecules 
in the alkali solution. 
Oster, Doty and Zimm (63) used tobacco mosaic virus to check the 
theory of light scattering from thin rod-like particles. The size and 
shape of the particles was already known from electron micrographs and 
O 
viscosity njeasurements. They obtained a length of 2700 A ftom dissymme­
try measurements and a molecular weight of forty million. These values 
were in complete agreement with electron microscope and viscosity studies. 
It has long been known that aggregation accompanies many forms of 
denaturation. Aggregation of course ii^lies particle growth. It has 
been pointed out by Oster (59) that in a system of polymerizing or 
aggregatiiig particles the light scattering increases with progress of 
the reaction. For rapid coagulation of colloids the scattering increases 
linearly with time with a slope proportional to the square of the concen­
tration of the colloidal substance. Boutaric and Roy (7) in 1938 noted 
that heating blood serum one hour at 60-62® increased the optical density 
of the sample to the same degree throughout the entire spectrum. Putzeys 
and Beeckmans (66) studying seed globulins found they had a stability 
range from pH 5*0 to 9 >5. Below pH 5 they found aggregates and above pH 
9.5 smaller particles were produced. Edestin according to Beeckmans and 
Lontie (Ii) is stable at pH to 8.9, at pH values higher or lower than 
this range edestin is denatured and forms aggregates. 
Lepeschkin (li6, li7, ii8) has made studies on several proteins xising 
both longitudinal scattering and 90° scattering. From his investigations 
of various proteins, particularly ovalbumin and gelatin, he concluded 
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"that "under moderate changes of temperature the protein polynerizes or 
breaks down reversibly, probably by the formation or destruction of polar 
linkages between nolecuLes. He feels that there are two processes 
involved in heat denatxration. The one iiDder mild conditions is accos^a— 
nied by molecular rearrajagements and the second under more drastic 
conditions produces a reaching non reversible denaturation. 
Bier and Nord (5) studied the rate of aggregation of native oval­
bumin at several tecperatures (iiO® or less ) for solutions near the 
isoelectric point (pH U.I8-I4.2O). They noted that the turbidity in­
creased linearly "with time and the rate of increase "was singularly 
dependent on the tes^jerature and the ccncenla'ations of the solutions. 
They felt that aggregation produced under these conditions -was different 
from denaturation and aggregation produced either by higher tenmeratures 
or by addition of acid. They present as evidence for this view the 
observation that their solutions dxiring aggregation showed no measure-
able increase in su2.fh|ydryl grorgjs and did not seem to have had their 
ability to crystallize inmaired. -^^n increase in turbidity of ovalbumin 
solutions on standing had previously been noted by Heller and Elevens 
(38) at pH li.65-li.68» Turbidity measurements lead to a value of li7,000 
for the apparent molecular "weight immedia"bely af"ter preparation, 2k hours 
later a value of 6U,000 "was ob"tained and at 72 hours the apparent molec­
ular "weight was 81,000. The solutions "were prepared and measured at I4,® 
C. 
Edsall, Edelhoch, Lontie and Morrison (30) studied the effects of 
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charge and ionic strength on light scattering neasxirements of bovine 
senun albiimin. It was demonstrated that in salt free soluticns, unless 
neasureiaents were made at very low protein concentrations, straight 
line extrapolation of the Ec/r vs concentration curve led to low 
dolecttlar weights. Furthermore the higher the concentration at which 
the measurements were made the lower the molecular weight, ^n increas­
ing the ionic strength of the solutions turbidities increased at once 
and straight line extrapolation of the HC/T VS concentration curves 
led to the correct molecular weights. The slopes of the HC/T VS 
concentration curves approach zero as the ionic strength increases or 
as the charge on the protein decreases. 
Accordir^g to Oster (60) the B term in the turbidity eroression is 
determined only by the shape and the interactions of the protein parti­
cles; the more elongated the particles and the greater their mutual 
repulsions the greater the value of Light scattering studies on 
tobacco mosaic virus (58) show that B is greater the lower the electro­
lyte concentration. f»'hen stifficient electrolyte is added to reduce the 
thickness of the charged layer around the protein molecule a value of B 
was obtained which was consistant with that obtained by other methods. 
In the conventional theory of light scattering from dilute solutions 
the assui!5)tion is made that the fluctuations in solute concentration in 
neighboring voltuae elements are independent. This may not be a valid 
assunption in solutions of charged proteins of very low ionic strength 
and consideration must be made of the diminution of scattering resulting 
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from intermolecrolar interference. Doty and Steiner (27) have considered 
this problem characterizing the molecular interactions by a distance of 
closest approach. They arrived at the expression 
i = KMCP [ 1 - f/v $ (Ksd)J 
for the intensity of light scattered per unit volume of iUxmiinated 
solution viewed, as a function of the angle of observation, in excess 
of that scattered by the solvent, -jjhen the incident light is verti­
cally polarized and the scattered light is observed in the plane perpen­
dicular to the electric vector. The constant K - (dn/dc)^ 
where n© is the refractive index of the solvent; Iq, the intensity of 
the incident light of wave length A J dn/dc, the refractive increment 
based on Treight concentration c; Nq, Avagadro's number; r the distance 
fi*om the scattering solution to the detector. The molecular weight of 
the solute is represented by M and the internal interference function 
by P. The ratio V/v denotes the ratio of the excluded volume to the 
volume of the solution. The function $ (x) = (sin x - x cos x). 
In the argument x =Ksd, is the phase difference , s - 2 sin 
(0/2) where 9 is the angle of observation and d is the distance of 
closest approach. Investigation of several macromolecular electrolytes 
gave results in agreement with the ejqiression. The addition of very 
small quantities of salt diminishes the effect and the conditions reqiar-
ed for the application of the fluctuation theory seem to apply, ^oscher 
and Ifysels (22) have also considered this problem and have arrived at 
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the equation 
Hc/T N 1 (1 + 
M 
•where P is the nmber of opposi^tely charged sir5>le ions associated •Ri'th 
one charged colloidal ion; n^ and 112 are the molar concentrations of 
oppositely charged sinple ion and colloidal ion respectively. If no 
neutral salt is present then n^/n2 * P and, 
Hc/r - 1 (1 + P) 
D. Heat Dena-turation of Proteins 
Many and varied are the agents capable of producing denaturation 
and many and varied are the changes and manifes-tation of changes pro­
duced by denaturation. Neurath, Greenstein, Pa"tnum and Erickson (57) 
have adequa-tely reviewed the chenis^fcry of pro-tein denatora'tion and it 
is of concern here to consider principally denatxiration produced by 
heat. Furthermore, only changes irill be considered iTfaich lend them­
selves to measurenen"ts by light scat"tering techniques. 
Light scat^bering gives infariaation as to the freight average molecu­
lar -neight and to the shape of the zaolecule (providing one dimension of 
the molecule exceeds 1/20 the -wave length of light) • Protein denatur­
ation has been thought of as an unfolding of the native molecule. This 
unfolding may increase the assymmetry of the molecule siifficiently to 
permit measxaremen-bs of characteristic lengths. Such measuremen^ts have 
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been made on ovalbumin using the flow birefringence technique. Sansa 
O 
(70) reports lengths of 350 to $00 A for the heat denatured ovalbumin 
molecule. Light scattering has been used to determine the length of 
tobacco mosaic virus (58, 63) and conceivably might be used in de-
terinining the lengths of smaller proteins. Hardy (36) advanced the 
idea that heat coagulation consists of two distinct stages: the 
initial thermal denaturation and the actual coagulation or aggregation. 
The increased rate of aggregation of denatured proteins on the addition 
of salt is Trail known. In fact Chick and Martin (13, Hi, 15) in a 
series of papers used addition of salt to speed up the aggregation 
process so that the rate of the thermal denaturation step was the 
controlling one and measurement of the concentration of residual 
protein in the supernatant solution iras equivalent to that of the un­
changed protein, ^^y ccncluded that heat denaturation of ovalbumin 
at constant pH was a first order reaction. Turbidimetric measure­
ments of the salt-free protein have been made at its isoelectric 
point to measure the rate of denaturation, for aggregation proceeds 
most rapidly under these conditions (16). 
Decreases in apparent molecular weight of some of the larger proteins 
has been reported in which the particle weight is anywhere from one-half 
(11) to one sixtieth (77) of the molecular weight of the different 
native proteins. This diminuation of molecular weight has been observed 
principally in urea denaturation. Aggregation acconroanying heat denatur­
ation possibly masks any preliminary dissociation if such occurs. 
Molecular weight measurements before and after denaturation showed that 
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the molecalar weight of ovalbumin was unchanged except fcr aggregation 
(2, 69). Again this work applies to urea or alcohol denaturation and 
nay or may not apply to heat denaturation. 
Aggregation must be considered a phenomenon independent of,but 
frequently associated with denaturation. It has been shown (56, 81) 
that horse serum globulin and myogen become aggregated -under suitable 
conditions without showing evidence of denaturation. The work of 
Lepeschkin (U6) and Bier and Kord (5) has already been mentioned in 
this regard. 
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m. LIGHT SCATTSRHiG INSTRUMENT 
A. Design and Construction 
It iras desirable to construct a sinrole ineacpensive instrument 
which would peimt the operator to meastire scattered light intensities 
as a function of angle. ^ nxmiber of instruments have been described 
(see Sec. II B) and have been shoisn to give satisfactory results. The 
use of the optical system of a Zeiss Pulfrich photometer in the manner 
described by Stein and Doty (78) offered the most promise. It was 
necessary, however, to modify their design to permit measuring scatter­
ed intensities at angles other than 90°. 
A photograph of the resulting instrument is shcfim in Fig. 1. Fig. 
2 is a sketch of the instrument identifying the various essential features. 
(I^) is a water cooled low pressure AEl; mercury arc to serve as light 
source. Lens mounting (l^^) holds a lens couple to render the light from 
the arc parallel. The light passes next through a filter (F^) which 
isolates the selected Hg line (in most of work the green line, ^ • $kSl 
was used as the eye is more sensitive to light in this region). The 
filter also serves as one window of the light tight, dust tight optical 
box (B). The main beam of light passes through the inclined glass plate 
(g) and through the lens (Ig) wMch serves the double function of bring­
ing the light to a focus in the scattering cell and acting as the second 
window of the box. The light then passes through the scattering cell (C) 
Fig. 1 Light scattering photometer. 
Fig« 2 Essontial parts of the light scattering instrument 
and into the light trap (L.T.)* cell table holding the scattering 
cell is mounted to the optical box so that the cell position is fixed 
Tfith respect to the incident beam. A small fraction of the light is 
reflected from the inclined glass plate (GJ then fron the small mirror 
(M) to the right angle prism (Pj^). The light in this reference beam 
then is reflected at again at the prism (Pg) to (P^) which is 
mounted in a stationary box so that the light reflected from it always 
passes into the lower tube (T) and thence to the photoneter. The 
optical box is so mounted that the r eference beam passing from (P2) to 
(P^) is on the axis for the rotation of the optical box. The tubes (T) 
pass the light from the scattering cell and the reference beam to the 
Zeiss Pulfrich photometer. Ground glass plates are inserted into the 
path of the reference beam to render the reference field uniform in 
intensity and to decrease the intensity of the reference beam to the 
same order of magnitude as that of the scattered light from the cell. 
The photometer is mounted so that it is inclined 90° to the position 
usually used. This permits both fields of the instrument to be illumi­
nated by light coming directly from secondary sources located on the 
axis of rotation of the optical box. The intensity of the light coming 
ftom the reference beam through the lower tube can be matched with that 
coming from the scattering cell through the -c^jper tube. The match is 
accomplished by rotating the calibrated drums (Rg and R^). The drums 
control diaphram openings which are proportional to the dial readings. 
The fact that the two fields from the reference and scattering beam are 
one above the other provides no difficulty in matching intensities. 
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The light source, optical box, cell table, and light trap are 
motinted on the large magnesium disc (D). The disc is mounted at the 
center on a machined bearing and supported near the circumference by 
four rollers mounted under the disc. The disc and assembly can be 
rotated so that the scattered light can be read at any desired angle 
from to f lii5° 'with respect to the direction of the incident 
beam. 
^he disc, light source, optical box cell table and light trap are 
enclosed in a box to prevent dast and external light from entering, The 
tubes (T) extend through the front of the box and pass the light from 
the scattering cell and the reference beam to the photometer. A portion 
of the magnesium disc extends outside of the box through a slit near the 
bottom allowing rotation of the disc and assembly from the outside of 
the box. The inside of the box and all parts except filter, prisms, 
lenses and mirror "srere painted black to eliminate possible reflections 
of stray light. 
The electrical leads for the light and the rubber tubing for the 
leads to the cooling coil around the lajs^) housing enter the box through 
the hollow bearing at the center of the magnesium disc. The transformer, 
switch, and pilot light are mounted in a second box -jrhich serves also as 
a stand for the inslarument. 
Dials Rjj and Hg and the setting of the disc can be read irith the aid 
of illumination originating from a 6 iratt laiig) conpletely housed at (L2). 
Lucite rods leading from the lan^) housing "pipe" the light to the point 
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needed. This greatly nanimizes the illumination required for the read­
ings and lessens eye strain due to adjustment of the eye to different 
intensity levels, ^he Incite rods are encased in rubber tubing thus the 
only light escaping from the housing and assembly is from the ends of 
the rods at the scale positions. 
The light scattering cell used iras designed by B, A. Brice (9) and 
made by Pyrocell Manufacturing Con^sany. The cell used in this study 
•sras shorter than the Brice cell (See Fig. 10). It is a six sided sinter-
fused glass cell so ccsistructed that the cell contents can be viewed 
at 0®, U5°j 90°, and 135° normally to the faces of the cell. Dissymmetry 
and turbidity can be determined using the same cell. A minimum of 30 ml. 
of solution is required. Smaller cells may be used for tiirbidity measure-
iients hy using an adapter for the cell table. 
permanent stationary laa?) (L^) was mounted in the back of the box 
opposite the end of the upper tube leading to the photometer. This light 
could be connected to a 6 volt storage battery and was used to check 
the uniformity of the intensity of the reference beam as a function of 
angle. 
The Zeiss Pulfrich photometer is designed for use with light filters 
located in the filter turret (F2)* Providing the sasple in the scatter­
ing cell shows no fluorescence the filters in the turret may be used 
instead of using filters at F^. it was found that the sane results were 
obtained for ovalbumin with the filter in either position. This was not 
true, however, for all materials tested. In the case of aayloheptaose. 
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for example, a ten fold change in intensity iras noted -with the same 
filter at ^2* filter iras used in position far nearly 
all studies reported in tiiis thesis. 
It was found convenient to use the instrument in the dark room. 
By TTorking in the darkroom light intensities as losr as two or three 
tiines that of the solvent could be measured itith reasonable accuracy. 
It uras found that 15 to 20 minutes were required for suitable eye 
adjustment before readings could be made when coming into the darkroom 
directly from the outside on a moderately bright day. Five to ten 
minutes were required for eye adjustment when coming from the artifial-
ly illuminated laboratory. 
B. Operation and Performance 
1. Measurement of turbidity 
Ifeasxirements are made on the light scattering instrument by placing 
the scattering cell in position, rotating the magnesium disc to the 
desired angle (hS", 90*, 135*), setting the upper dial of the photometer 
to a selected value (usually 100), then matching the light in the two 
fields of the photometer by rotating the lower dial. Ihe lower dial 
reading is then proportional to the intensity of the scattered light 
and, hence, to the turbidity of the san55le by the relationships 
T' " T"(standard) X Lower dial readings for sample 
Lower dial reading for standard 
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The standard and the sanple must be measxired with the upper dial at 
the same setting. 
2. -^ference standard 
The secondary reference standard Tjsediras a Iticite block 1 3A" x 
1 3/li" X 2 1/2". It was prepared by machining the faces of a larger 
block to this size, then polishing the surfaces with soft grit free 
paper. Only 90" scattering was used and the block was eilways placed 
in the cell table with the faces in the same relative positions. By 
taking the average of a number of readings the turbidity of the plastic 
secondary standard could be checked with an accuracy of better than one 
percent. 
A new and more convenient seccndary standard was obtained late in 
this investigation. This is a sa2?)le of "ludox" received through the 
courtesy of E. I. du Pont de Nemours axid Conpany, Wilmington, Delaware. 
"Ludox" is a carefully grown 30^ aqueous colloidal silica preparation. 
A photomicrograph accon^janying the sample shows this remarkably mono-
disperse raterial to be C0II?)0sed of particles about 150 to 200 A in 
diameter. The suspension can be diluted to any desired concentration 
to obtain turbidities of the proper ord.er. High speed centrifugation 
removes any possible large aggregates. Such solutions show only scatter­
ing, have dissymmetries which spproach unity, and apparently are stable. 
3?his standard lias the advantage that its turbidity can be measured direct­
ly as will be described in the next section. 
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3. Angular independence of reference beam 
The intensity of the reference beam is independent of the an^e at 
•which a reading is made. This was demonstraded as follows: A small 
6 volt light was mounted in the back wall of the box and iras connected 
to a standard lead storage battery. Suitable filters (Cenco #U and #5) 
and ground glass plates were placed before the upper tube leading to 
the photometer to render light of the proper shade and intensity to 
match that of the reference beam. A mask was placed over the exit of 
the optical box to prevent any possible interference from the regular 
beam of the mercury lamp, headings were made of the matched fields at 
90*, and 135°« The readings at the three angles were as follows: 
Anfrlp Readings Average 
hS" 30.8, 30.2, 30.3, 30.3, 30.3, 30.5 30.1i 
90" 31.2, 31.5, 30.0, 29.9, 29.8, 30.2 30M 
135" 30.6, 30.3, 30.3, 30.8, 30.2, 30.3 30.U 
li. Linearity of dial readings 
In order to Tise the equation for calculating the turbidity of a 
sanple it is evident that the scale reading of the lower dial (R^^) most 
be proportional to the amount of light passiiag the diaphram in the path 
of the reference beam. This means that tiie intensity of the light reach­
ing the diaphram from the reference beam must be uniform. The proportion­
ality was checked by taking a series of readings on two solutions of 
different turbidities. At setting Hg(l) of the xqpper dial 
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Rj^(A) - WiB) 
where Hjj,(A) is the lower dial reading for one solntion and Sjj(B) is the 
lower dial reading for the other. In a similar manner Rg (2) 
Rjj (A) = Kg (B) 
and for setting Rg (n) 
% (A) = Sg (B) 
If the diaphram is uniformly illnininated and is proportional to 
the area of the opening of the diaphram 
Ki = 
and if Rjj(A) is plotted against Rjj(B) the cttrve should be a straight 
line of slope K. Fig. 3 shows the required linearity. The data for 
the figiare was obtained making readings on two protein solutions 
of different turbidity. 
The linearity or non linearity of the upper dial readings can be 
checked in a completely analogous fashion to that of the lower dial. 
Fig, 1; shows that linearity does not hold for the x^jper dial. The reason 
for non linearity is evident if one remembers that the beam of light is 
circular in cross section. Thus, unless a diffusion plate is placed 
between the scattering cell and the diaphram the intensity of li^ 
"seen" by the diaphram will not be uniform. Use of a ground glass plate 
was not made as it decreases the intensity of the scattered beam markedly. 
It is frequently desirable to measure intensities at a very low level 
Fig. 3 Comparison of R|^ values for two different protein solutions 
at varying R3 settings. 
Fig. U Comparison of Rg for two different protein 
solutions at varying Rj^ settings. 
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(light scattered by solvent only). The nonlinearity of the upper dial 
is of little consequence, however, as the operator may set the dial to 
any suitable value, usually at Eg • 100. Headings of for the 
standard and test solutions are then taken at the chosen Eg value. The 
field illuninated by the use of the upper dial appears uniform if an 
Rs setting of 50 or above is used. Readings nay be inade "vrith accuracy 
•with Rg settings below 50 as only the uniformity of the outer edge of 
the field is affected and the portion of field used for match appears 
reasonably uniform over the entire range of the dial. 
5. Optical alignment 
It is necessary to have all of the optical parts properly aligned 
to obtain best performance from the instrument. The instrument uas so 
designed that provision tras made for the possible minor adjuslanent of the 
positions of the optical parts, li^here necessary, holes were slotted and 
set screws provided to make alignment easily possible. The most critical 
part of the alignment iras that required to bring the reference bean to 
the right angle prism (P^ in Fig. 2) exactly on the axis of rotation of 
the magnesium disc and assembly. This iras accon^jlished by loosening 
the screws holding the optical box to the magnesium disc and positioning 
the box until rotation of the disc caused no observable relative motion 
between the disc and the box or motion in the box holding the stationary 
prism. Final adjustment was made by removing the small box on the end 
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of the photometer tube and mottnting a concave nirrar on the axis of 
rotation directly above the reference bean port of the optical box. 
A laachined cover "with a small hole drilled in the center iras placed 
over the port. The mirror was adjusted so that the beam passing throTigh 
the small hole struck the concave mirror and was brought to a focus 
back on the small hole. The change in the position and shape of the 
reflected spot -was noted as the disc and assembly was rotated. IfiLnor 
adjustments were made until the position and shape of the spot was not 
altered by rotation of the disc and assembly. The optical box was then 
fastened securely to the disc and alignment rechecked. Finally the 
mirror and the machined cover over the port were removed and the box 
holding the stationary prism was replaced. In order to remove or re­
place the small box without disturbing the optical box it was necessary 
to remove the screws holding the photometer to permit movement of the 
photometer and tubes. 
6. Election and -placeiaent of filters 
In light scattering work one should be able to place monochromatiz-
i-ng filters in either the incident or scattered beam without affecting 
the results obtained in measuring the turbidity of the sample. 'This is 
true in actual practice, however, only if there is no absorption or 
fluorescence of the incident light. As has already been noted the Zeiss 
Pulfrich photometer is provided with a filter turret permitting a wide 
selection of filters. Filters may be selected siii5)ly by rotating the 
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turret to the correct position. It was of interest to check the 
advisability of using the turret filters. 
Many substances of interest show some fluorescence. In these cases 
the intensity of the light reaching the observer may be greater Trhen the 
filter is placed in the scattered beam than when it is in the incident 
bean. This will be particularly true if the filter isolates the green 
or yellow mercury line. If the light is filtered before entering the 
sanpT ft only the monochromatized light enters the sainple. Under these 
circumstances it is less likely that fluorescent light still in the 
visible will be produced than when the incident light is unfiltered 
and has a considerable component in the blue. Unfiltered light from 
the mercury arc has strong components in the blue and violet. If these 
give rise to fluorescence there may be a sharp increase in the intensi­
ty of light reaching the observer through a green filter in the scatter­
ed beam. This difference was noted to a remarkable extent with a 
sacple of amyloheptaose and to a lesser extent with Schardinger 
4-dextrin. It is not known whether or not this marked fluorescence is 
due to the carbohydrate or to small amounts of in^jurities in the saagjles. 
In the case of the anyloheptaose sample coumcirative readings with corning 
blue #511 filter (passes nothing above A = U358 1) in the incident beam 
and with Cenco #3 and #1; (passes green Xe 5U61 and some yellow) shows 
a reading increase from 0.75 "with the green to aroimd 80 with the blue. 
This is a hundred-fold increase and is far too much to be explained on the 
basis of the increased scattering due to shorter wave length. Tjjis 
hS 
increase iras deaonstrated to be due in great part to fluorescence by 
plftg-iTig the dark bine filter in the incident bean and a green filter 
in the scattered bean. This eliminated con^letely the reference bean 
but the field illuminated with light from the cril showed a renarkable 
intensity. With the dark blue filter in the incident bean and no 
filter in the scattered bean the reference field in the photometer is 
a darker shade of blue than the scattered field indicating an increased 
intensity of light of longer wave length coming fron the scattering 
cell. 
It is interesting to speculate on the possibility of investigating, 
Trith an instrument of the type used in this work or with a photoelectric 
instrument, fluorescence and scattering produced by materials which 
exhibit both. This could be done by using suitable monochromatizing 
devices in both the incident and scattered beams. 
It was of interest to determine whether or not ovalbumin exhibited 
fluorescence, A saiple of native ovalbumin was dissolved in phosphate 
buffer and clarified. A dilution series was run on the saii5)le. Head­
ings were taken at each concentration with the green filter in the 
incident beam and repeated with the same filter in the scattered beam. 
The molecular weight of the ovalbumin determined with the filter in the 
two positions was identical. The close agreement can be seen from the 
Hc/f vs concentration curves plotted in Fig, The apparent molecular 
weight obtained was 1*5,500. 
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Fig. 5 Influence of position of light filter on Hc/rT vs concentration 
curves for native ovalbiunin in phosphate buffer. pH a 7*80. 
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it iras considered advisable from the standpoint of general practice 
to use filters in the incident beam. A value near the calculated one 
for amyloheptaose iras obtained when the green filter was used in the 
incident beam. The results on amyloheptaose are reported in greater 
detail later. 
C. Calibration 
1. Calibration using carbon disulfide as pn'mary standard 
Benzene, toluene, carbondisulfide, and several other pure organic 
liquids have turbidities of sufficient magnitude to permit their use as 
standards for calibrating light scattering instruments. The turbidities 
of a great number of pure organic liquids have been determined irith 
considerable accuracy or can be calculated from data in the literature, 
'^e literatTire values for the scattering power (reduced intensity) of 
pure carbon disulfide have been tabulated by Blaker, Badger and Gilmann 
(6), together with their own determined value. The average value is 
a ® 
given as li3.9 X 10"® curl at X * 5U6l A. The scattering power may be 
defined as the ratio of the intensity of the scattered light i, r cm. 
from a small scattering volume V and at 90° to the incident beam to the 
intensity of the incident light I. 
Scattering porer - r^ i 
V 1 
The turbidity is related to the 90" scattering by the equation 
- 16 TT r£ i 
3 V I 
The turbidity of carbon disiilfide is thus 7*36 x 10"^ cm"^. 
Reagent grade carbon disiilfide was redistilled three tiaes in an 
all glass apparatijs and transfered to a scattering cell. Ninety degree 
scattering readings were nade on the carbon disxdfide and on the plastic 
reference. The turbidity of the plastic was calculated using the 
relationship 
^P1 ref. * ^Cs " (HLastic reference) 
Rj^ (Carbon disulfide) 
A calibration with carbon disulfide was made early in this investi­
gation and was repeated near the end. The results for the turbidity of 
the plastic standard in the calibrations were 0.81 x 10"^ and 0.80 x 
10"^  cnT^ . 
2. Calibration using a polystyrene solution of knoim ttcrbidity 
The standard polystyrene was obtained through the courtesy of Prof. 
P. Del^ and D, A. M. Bueche of Cornell University. It is a portion of 
a lot originally prepared by Dow Chemical Con^jany. It has been used 
as a working standard by a number of labor atories engaged in light scatter­
ing investigations. 
A solution of 0.50 grams of polystyrene dissolved in 100 nl. of pure 
toluene has an excess turbidity over that of pvire solvent of 3*5 x 10"^ 
at Xa lt358 -S* This is the average value of independent evaluations of 
the turbidity of this material by P. Doty, F. Billmoyer. G. Nutting, B. 
h9 
Ziiaa, W. E. Stocknayer, and W, Dandliker. It was necessary to know 
O 
the turbidity of the polystyrene at 5J4.61 A, This iras calculated 
from the relationship 
f z 32 7z£ no^ (n - c 
^ ^ \fl 
IM ^ RT / 
If c is constant then 
' po^5a6i A\358 
^0^358 XCa 
Or 
751^61 » 3.5 X 10-3 X 0.982i x 0.1i06 
^61 = ^ 
One half gram of polystyrene was dissolved in 100 ml. redistilled 
reagent grade toluene. The san^jle -was filtered through a fine sintered 
glass filter. The toluene solvent was treated in a like manner. Read­
ings of the 90° scattering trere nade on the polystyrene solution, the 
e 
toluene solvent, and on the plastic standard at A= ^ 6l A 
^¥1. ref. ~ % (Plastic Reference) 
Rg (polystyrene} - % (toluene) 
The plastic standard was calibrated once early in the investigation 
and once near the end. The second calibration was made using a freshly 
prepared polystyrene and the same solution prepared for the first cali­
bration. The later solution had been stored in a glass stoppered Fyrex 
flask. Good agreement was obtained betrreen the old and the fi-eshly 
prepared one indicating reasonable stability of the polystyrene solution. 
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The two independent calibrations for the plastic block from the poly­
styrene raeas-urenent give 1.50 x 10~^ and 1.5l x 10"^ as the turbidity 
of the block. Duplication of values indicate that the turbidity of 
the plastic standard is constant Trith time. 
It should be mentioned that if the solution eroloyed as a standard 
does not have the sane refractive index as the solutions Tihose turbi-
ties are being determined the experimental readings must be multiplied 
by two correction factors^. These are due to the refraction of the 
scattered light at the boundary of the soliition cell. As the refractive 
index of the scattering solution increases the solid angle of scatter­
ed light that is "seen" by the photometer decreases. The first factor, 
known as the refractive index correction factor, is given by the equation 
L H ni 
C n =  :  
\_ H ng 
n^ and n2 are the refractive indexes of the water and organic solvent 
respectively, r^ is half the cell Tddth measured normal to the incident 
bean, and R is the distance betjreen the center of the cell and the point 
of observation. 
^hese corrections are described in a recent paper by Edsall, et al 
(30). According to Edsall the corrections are discussed in detail in 
the Ph. D. Thesis of C. I. Carr, University of California, 19ii9. The 
thesis has not been seen by the author. 
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The second factor is knoKn as the voltaae correction factor and is 
given as 
L /a - L ) 
y (. R - ri/ 
n^^ L + r i t  -I: ) u
-ri/ 
n2 i + ^ 2 /u -L ) 
2 ( K 
n2 L + r , ^ a -• L ) 
( a - ri/ 
"vrhere n-j_, n2, r^, R have the saae neaning as before, a is the effective 
aperture of the "seeing" device and L is the width of the cell "seen" by 
the device at the boundary of the cell. 
The corrections have not been applied to the values obtained from 
the calibrations -vrith carbondisulfide and polystyrene. Some of the 
instrument constants appearing in the correction equations are not known 
and are difficult or ii35)ossible to determine. 
Similar corrections have been derived independently by Brice, ^  ^ 
(9) and are in accord •with those mentioned here. 
3. Calibration using the reflectivity of a magnesium carbonate surface 
Stein and Doty (78) describe an instrument that uses the same opti­
cal arrangement (Zeiss Pulfrich photometer) for measuring the intensity 
of 90® scatteriijg as is used in this thesis. They outline a method for 
calibrating the instrument Trith a magnesium carbonate prism placed in a 
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scattering cell in such a fashion as to present its reflecting surface 
at an angle hS" "with respect to the incident beam, and the photometer. 
The intensity of reflected light so obtained is campared with the 
intensity of the 90' scattered light from colloidal solution. For 
couplete details the original paper should be consulted. 
The ratio of the scattered intensities from the solution and the 
prism derived from theoretical considerations is 
Ig = ip h IT r^ 
IE sin 9 
where ip is the scattered intensity at a distance r normal to the in­
cident light from a unit volume of scattering solution; I is the total 
intensity scattered transversely per unit area of observable field at 
a distance r from the solution; is the redflected intensity per tmit 
area of the ^parent field; h is the depth of the illuminated solution 
in the line of view; I is the intensily of the incident beam on either 
the prism or on the solution; 0 is the angle between the incident beam 
and the surface of the prism; and R is the total difftise reflecting 
power of the surface of the magnesitim carbonate. 
Using again the eqt:tation 
r = 16 rr r^  i 
3 r 
and combining this with the previous equation and s olving for T we find 
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but 
Ig = Lower dial reading for solxition 
Losrer dial reading for lig CO^ prisn 
providing tiie setting of the upper dial is the same for both readings. 
Therefore, 
T " 16 R sin 0 Hjj (solution) 
3 ^ (prism) 
A magnesium carbonate block "was carved to form a right angle prism 
of such a size as to fit exactly into one of the scattering cells. The 
cell was set in the instniment so that the surface of the prism made an 
angle of hS" with the incident beam and the instrument was set at 90°. 
A protein solution of relatively high scattering intensity was used for 
coii5)arison purposes. The intensity of the light reflected from the 
magnesium carbonate prism was too great to permit a direct match with 
the reference beam. A match could be obtained by placing a neutral 
filter between the prism and the end of the upper tube of the instru­
ment to decrease the intensity of light from the prism. The factcr for 
the neutral filter was determined by using the protein solution and 
making readings with the neutral filter in and out of position. In order 
to get a match in all cases it was at times necessary to set Rg " 10. 
The ratio of readings at Rg • 10 and Rg • 100 was obtained on the 
protein and checked against values obtained at other times during the 
investigation. 
^he ratio of the reading of the plastic block to that of the 
51; 
magnesitm prism thits becomes 
%1 block ® ?^1 SLock^ s^ ~ 
R prism ^^sm x x fa 
where fj^ is the ratio of Eg - 100 to Eg « 10 and fg is the factor for 
the neutral filter# 
Substituting experimental values 
?^1 block 3 1.07 X 10-^ 
^rism 
and using this in the equation for the turbidity together with 9 = 1^5 
R = 0.97 and h » 0.1i0 the value for the turbidity of the plastic second­
ary standard becomes 0.98 x 10"^. 
The evaluation of factors f^ and fg are troublesome and multiply 
the inaccuracies of the calibration. Even more serious, however, is the 
estimation of h. The depth of field as seen by the photometer is not 
uniform and the effective depth most be estimated. In order to do this 
the assuii?)tion was made that as Eg—»-0, h—^d where d is the diameter 
of the incident beam of light at the scattering volume. The read­
ings were made on a protein solution at various Eg settings. Eg 
settings were then plotted against Ejj readings. Fig. 6 shows the curves 
for two different proteins. A straight line was drawn so as to be tangent 
to the curve as Eg—>-0. The % value on the tangent at Eg « 100 was 
then taken as the reading which would have been obtained if h had been 





Fig. 6 Evaluation of the effective depth, h, of the scattering volume 
from Rg and Rj^ readings for- two different protein solutions. 
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d X Hp (from cxcrve) ~ h (effective) 
Rjj (from tangent) 
d = 0,7 cm., the average ratio = 0.57 so that h = 0.7 x .57 * O.UO. 
It appears that in vievr of the xincertainty of h one must say this 
method of calibration for the instrument used is the least satisfactory 
of any in this study. 
Calibration xising colloidal silica solution 
The defining equation of turbidity I =* can be used to 
determine the turbidity of a solution directly. In order for T in the 
above expression to truly represent turbidity the scattering solution 
nnist meet the following requirements i scattering nost be the only 
phenomenon contributing to the diminuation of the intensity of the 
transmitted beam; the scattering particles must be uith respect 
to the Trave length of the light used; the colloidal solution should be 
stable; the solution must exhibit sufficient scattering to permit a 
relatively large difference between I and Iq, 
Dr. John T. Edsall ^  of Harvard indicated that they were using a 
solution of colloidal silica which met the necessary requirements. He 
kindly forwarded us a saaple of the silica preparation. Test on the 
saaple was not as satisfactory as hoped. Dissyminetry measurements 
Private Communication, 
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indicated that the sanple was not monodisperse and measnrements were 
not time independent. However, by applying the sane clarification 
procedures (described later) as was \ised for the protein preparations, 
sacroles Trere obtained giving low dissymmetries and consistent turbidities• 
Sxibsequently a sanple of "Ludox" colloidal silica, 30$ SiOg iras ob­
tained from H. H. Snyder through the courtesy of E. I. du Pont de 
Kenours and Comany. The tests on this sanple proved completely 
satisfactory. It it suspected that the sangjle received from Dr. Edsall 
was modified in transit by possible freezing in the sub-zero tempera.-
tures occuring at that time. 
Ten ml. of the "Ludox" colloidal silica sample was diluted to 
100 ml., placed in 2-50 ml. centrifuge tubes and centrifuged at high 
speed (20,000g) for 20 minutes. The upper 20 ml. from each tube was 
transferred to enough double-distilled centrifuged water to give a 
solution containing approximately 0.3^ colloidal silica. The result­
ing solution was transferred to a 50 cm. Beckman absorption cell and 
the intensity of the transmitted light I was measured with the Beckman 
D. TJ. spectrophotometer using the special adapter for the 50 cm. cell. 
The intensity of the light transmitted through double distilled centri­
fuged water was measured 1^. The turbidity of the Si02 solution is 
then given by 
T = Zfi 
50 I 
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The intensity of the 90" scattered light -was then measured with 
the light scattering photometer and coii5)ared irLth that from the plastic 
reference standard. The values obtained on the sanple received from Dr. 
Sdsall were obtained in the same fashion except that the solutions 
measured were prepared from the 5^ stock solution received, the final 
concentrations were smproximately 0.25 and 0.07^ silica smd it was 
necessary to filter or filter and centrifuge the sas5)le to reduce the 
dissymmetpy and increase the stability of the solutions. 
ladings of the 90' scattering of the du Pont sanple have been 
constant over a three week period. 
The values obtained on the silica saii5)les are given below: 
^SiOg Solu. Vastic St. 
Edsall (filtered) 9.06 x 10"^ 1.31 x 10"^ 
Edsall (filtered Sc. centrifuged) 2.31 x 10"3 1,29 x 10"^ 
du Pont (centrifuged) 10.77 x 10"^ 1.27 x 10^ 
The average value 1.29 x 10"^ shall be taken as the turbidity of the 
plastic reference standard in all of the work reported in this disserta­
tion. 
5. Calibration check using substances of known molecular weight 
The molecular weights of most of the pure crystalline proteins have 
been determined by various methods (osmotic pressure, ultracentrifuge, 
2-ray diffraction). liany of them have been determined by light 
59 
scattering. Sugars and stigar derivitives have also been -used to 
demonstrate the versatility of light scattering instruments and methods 
The molecular weights of three crystalline proteins, serum albumin 
ovalbumin, and lysozyme were detencined. The molecalar weight of 
amyloheptaose was also determined -using the light scattering photometer 
Solntions of the three proteins were prepared in identical fashion 
Two sanroles of each protein were prepared. Enough of the pure crystal­
line protein ^  was taken to give the clarified solution a concentration 
of approximately 0.8 gn^lOO ml.. One portion of the sanple was dis­
solved in phosphate buffer ^ giving a pH of 7.85 and the other was 
dissolved in redistilled water to which enough 0.1 N NaOH had been 
added to bring the final pE to 7.65. The solutions and solvents were 
submitted to customary clarification operations (described later) and 
dilution series ran on the buffered and unbuffered san^jles. 
Fig. 7 and Fig. 8 show the HC/T VS concentration curves of the 
proteins. It is-to be noted that the curves for the buffered sanples 
in each case lead to values at (Hc/t- ^ c-^o reciprocal of 
^Bovine Serum Albumin. Received 3-26-l;9 from Dr. Walter L. Hughes, 
Jr., Harvard. Lot #51. Stored in Cold Room. 
Ovalbumin. Three times recrystallized by Dr. E. Samsa, these 
laboratories. Lot K. 
Lysozyme. Three times recrystallized by Dr. E. Samsa. 
^he phosphate buffer was prepared by making a solution which has 
the follcrjTing conroosition: KgH PC. 0.032101, KHoPOi 0.0036M, NaCO. O.IZ. 
The ionic strength of the buffer is 0.20. 
_r_ ^ I ^ 
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Fig. 7 HC/T VS concentration curves for ovalbxunin and bovine 
serum albumin. Phosphate buffer—pH 7.85. 
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Fig. 8 HC/»7' VS concentration ciirves for lyaozyme. 
Phosphate buffer—pH 
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the moleciilar weight for the protein, 'i^fere straight line extrapolation 
to be TOariP in the case of the tmbuffered sac^sles, however, the cvrves 
•would lead to low Vcilxies for the molecular weights of the protein. 
The curves for the unbuffered samples have greater slopes than do the 
curves for the buffered sanples. In "the case of ovalbumn and bovine 
serum albumin the slope is zero in the buffered case. Similar results 
for serum albumin have been noted by others (30) and will be discussed 
in greater detail in the experimental section. It is sufficient here 
to state that results obtained ao. protein solutions of very low ionic 
strength are unreliable unless the instrument is capable of following 
the turbidity of the solutions at very low concentrations. The curves 
then fall off with concentration as indicated by the dotted portions to 
give the correct molecular weight. The reason for the negative slope 
of the lysozyme curves is unknown. The apparent molecular weight ob­
tained for the three proteins are given in Table I along with values 
obtained by other investigators. 
The aniyloheptaose used was furnished through the courtesy of Drs. 
D. French and J. Pazur of these labcratories. It is a water soluble 
material of high pxirity (3li). It was prepared by acid hydrolysis of the 
crystalline Schardinger ^ -dextrin under conditions which gave pre­
dominantly the seven glucose unit ainylose. Separation and reprecipitation 
gives a material whose chemical and physical properties agree well with 
those to be eaqjected for amyloheptaose. Any trace inpirities should be 
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Table 1 
Conparison of the molectilar weights of bovine serum 
albumin, ovalbumin, lysozyae and amyloheptaose 
with those obtained by other investigators 
Saamle and Method Molecular Weight 
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^ohn and Edsall (17). 
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Fig, 9 tto/tf vs concentration curve for ainyloheptaose. 
65 
of low molecular weight suid therefore should not interfere "vrith the 
determination of the molecular weight by li^t scattering. 
The HC/T VS concentration curve for anyloheptaose is shown in 
Fig. 9 and the resulting molecular weight is given in Table 1 along 
with the theoretical molecular weight calculated from the formula of 
the conroound '^1x2^72^^6' solution for turbidity measurements was 
prepared by dissolving the amyloheptaose in double-distilled water. 
The solution was boiled 10 minutes to remove any alcohol remaining 
from the purification of the amyloheptaose. The cooled san5)le, 
clarified hy filtration and centrifugation in the usual manner, was 
transfered to the scattering cell and a dilution series made using 
filtered and centrifuged double-distilled water for making the dilutions. 
The concentration of the solution was determined by measuring the opti­
cal rotation of the filtered, centrifuged sac^jle with a polaroscope. 
The optical rotation of amyloheptaose fcsr the D line of sodium was taken 
as 179.6. This value was calculated by French, et ^  using Freudenberg's 
equation and the ccaastants for starch. 
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IV. METHODS 
A. Measurement of Refractive Increment 
In order to evaluate the constant H in the turbidity equation it 
is necessary to know the refractive increment ^n • Inasmuch as the 
Oc 
change in the refractive index is proportional to the concentration it 
is necessary to measure n-n^j at one concentration. The ratio nni^ 
c 
then gives the refractive increment of the solution. 
Commercial differential refractometers can be obtained or an 
instrument can be constructed using the principle outlined by P. P. 
Debye (21). Perlnann and Longsworth (65) have made a most detailed 
study of the specific refractive increments of soios purified proteins. 
Their measurements were made using a hollow prism method enploying the 
optical equipment of the electrophoresis apparatus. The details of this 
method are explained in a p^er by Longsworth (50). 
1. Ifethod 
The specific refractive increments used in this investigation were 
measured with the optical equipment of the electrophoresis apparatus in 
a manner similar to the method of Perlmann and Longsworth. There are, 
however, significant differences which mast be mentioned. The cell used 
for measuring refractive increments in this study had two coii5>artments. 
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(See Fig. 10.) The two cos^jartaents were separated by a diagonal plate 
which net the £ront face of the cell one en. fton the bottom and at an 
angle of 55"• 2'he lower portion of the cell was filled with solution 
and the iroper conpartnsent with solvent. The cell was sealed with a 
rubber gasket and placed in position on a brass rack. The rack and 
cell were positioned in the electrophoresis water bath fixing the 
position of the cell with respect to the besm of light. 
^he narrow beam of light passing throtigh the bottom compartment 
only, passes undeflected but that through the t^jper portion is deflected 
downward in passing from the solution to the solvent. The dosmward 
deflection is proportional to n-nQ. 
The use of this type of cell has the advantage in that successive 
readings are independent of any possible change in the refractive index 
of the water in the constant tenroerature bath and measurements of n can 
be made for systems in which the solvent has a refractive index mach 
different than water. 
The cylindrical lens method of obtaining the schlieren pattern is 
well known and will not be described here. The method has been found 
entirely satisfactory for obtaining patterns from Trhich the refractive 
increment can be determined. It has the advantage over the schlieren 
scanning method in that the displacement can be followed with a traveling 
telescope thus requiring no photographic manipulation. 
The traveling telescope was mounted directly on the end of the 
Fig. 10 Refractive inorement cell, light scattering dissymnetry 
cell, sintered glass filter, Hormann pressure filter. 
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electrophoresis optical bench in the focal plane of the light from the 
cylindrical lens. The rotating drum on the telescope could be read to 
0.02 mm. •which corresponds to a difference in refractive index of less 
than 0.000003. For a solution containing one gram of ovalbumin per IDO 
ml. of solution this corresponds to 3 parts in I876. 
calibration cijrve was obtained from the cell and instrument using 
sucrose solutions of kncvm concentration and refractive indices. Water 
was used as the solvent. The curve obtained is shovm in Fig. 11. It is 
to be noted that a straight line ras obtained indicating that corrections 
are not required due to ii!5>erfections of the cylindrical lens. The 
displacement can be photographed if desired. Fig, 12 is a series of 
photographs taken of the pattern produced by solutions containing 0.0, 
0.1, 0.2, 0.1;, 0.6, 0.8, 1.0, 1.2 and l.li.« sucrose. The displacement 
is proportional to the concentration. 
2. Erocedure 
The clean cell was rinsed tirice (both compartments) with the solvent. 
The top of the cell was wiped dry with lens paper and the bottom coii5)art-
ment was rinsed tjrice iiith solution and then filled taking care that the 
meniscus was just low enough to prevent the solution from "creeping" over 
the plate into the top con^jartment. The top con^jartment was carefully 
r ~" r "1 
o 
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4 8 12 ] L6 20 2h 28 
n - Iln X 10^  
Fig« 11 Correlation found between the displacement of the refracted 
line and the change in the index of refraction. 
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12 Displacement pattern produced at the sucrose 
concentrations indicated. 
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filled T?ith solvent, again controlling the level of the nieniscus. ^  
The gasket and cover "rere then put in place and sealed •gsing 
rubber bands. The cell was lAien placed on the rack in the electro­
phoresis bath. Twenty c±nutes were required for the equilibration 
of the cell in the bath. Readings were made by centering the hair 
line of the traveling telescope on the slit image produced by the 
lower portion of the cell. Readings were then made in a similar 
fashion on the image produced by the upper portion of the cell. An 
average of several readings was taken in both cases. The readings 
were made by always approaching the image from the left to prevent 
errors from backlash in the micrometer screw of the traveling telescope. 
3. Results 
The refractive increment for ovalbumin is 0.183 when c is e:q)ressed 
in gms. per ml.. This value was used for all work with ovalbumin re­
ported in this dissertation. The following values were obtained for 
the other substances enployed in this work: bovine serum albumin OmlSh, 
lysozyme 0.187, amyloheptaose 0.1ii9« 
Diffusion from one co3i5>artinent to the other can be readily detect­
ed by the reffaction pattern produced when the cell is placed in the 
instrument and allowed to equilibrate. If there is any intermixing the 
refracted line will have a tail extending to the right, 
A new cell has been designed in which the conpartments can be fil­
led with no danger of mixing of solvent and solution. 
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It is recognized that small differences in refractive increments 
occur in solutions of different salts and buffers and at different pH 
values* (See G. E. Perlmann and L. G. Longsworth (65) •) These re­
finements have not been made in this Trork* 
B. Preparation and Clarification of Ovalbumin 
and Ovalbumin Solutions 
1, Preparation of purified ovalbumin 
The ovalbumin Tras prepared by E. Samsa of these laboratories using 
essentially the ammnninTn sulfate procedure of Sorenson. Preparation 
fras carried out for the most part at cold roon temperatures (2°C) from 
fresh egg "jrhite. The ovalbumin was precipitated three to four times 
Tvith ammonium sulfate at the isoelectric point, dialysed until free of 
salts and freeze dried. The ovalbumin was stored in a cold room until 
used. 
2» Preparation of solutions for turbidity measurements 
Regardless of precautions there is always a small amount of 
lyophilized ovalbumin that will not readily redis solve in aqueous 
solutions. The reliability of the molecular weights resulting from 
the measurement of turbidity of such solutions depends on the success 
Trith which this insoluble material can be removed and in the success of 
TDinTWTy.-ing possible subsequent uncontrolled denaturation and contamination 
in the manipulation of the clarified sample. The manipulations perfarmed 
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can be discussed under the headings r solution of saimle and adjust-
Hent of pH, filtration, denaturation, centrifugation, transfer, and 
methods for Tna.l<-ing dilutions and adjusting final salt concentrations, 
a. Solution of the sample and adjustment of pH. 5Wo techniques 
•were enroloyed. Ihe first consisted of dissolving the sample directly 
in double-distilled irater to which enough 0»1 N HJl or NaOH had been 
added to give a solution of the desired pH. In the case of determinations 
run in buffered solutions the ovalbumin was dissolved directly in the 
buffer. The second method consisted of dissolving a greater weight of 
ovalbumin in djuble-distilled water at the isoelectric point. This 
more concentrated solution (2^ was then filtered and a suitable portion 
of the filtrate was added to water containing enough 0,1 N HCl or NaOH 
to give the desired pH value and concentration, 
b. Filtration, A combination of filtration and centrifugation 
was found more effective for clarification than either alone. The 
dissolved san^jles were filtered first through a Hormann pressure filter 
using a number 8 "Steriflow" bacteriological filter pad plus "celite" 
filter aid. The "celite" filter aid had been washed, dried, and mixed 
to insure freedom from soluble conponents and uniformity. The filtrate 
from the Hormann filter was discharged directly into a specially con­
structed filter containing a corning "fine" sintered glass disc, (See 
Fig. 10.) The sintered glass filter was prepared by sealing tubing to 
the top of a regular "fine" filter. The top was then dratm doro to comect 
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to glass tubing just large enotigh to insert the discharge tube of the 
Hormann filter. The bottom of the filter -aras also drasm down to small 
diaaeter. The filter thus prevented contamination by dust and also 
permitted pressure filtration. 
The fillarate from the sintered glass filter was discharged into 
either SO cc. centrifuge tubes or a clean flask depending on the re­
quirements of subsequent operations. In each case both filters were 
co3i5)letely washed with solvent before filtration of the solution. Care 
was taken to minimize surface aggregation. Some protein was always 
retained in the filters as no atten^jt was made to wash the protein out 
and filtration was discontinued before any air was forced through the 
filter. The sintered glass filter was cleaned after each filtration 
with acid dichromate cleaning solution. The Hormann filter was cleaned 
using detergent. 
c. Denaturation. In nearly all of the work reported in this thesis 
the filtered sample was divided into two (or more) portions. One portion 
was not heated and was thus used as a control on the e:q)eriEient. The 
other portion was heated for 15 minutes at the boiling point of water 
(except in cases as noted later). At the end of the heating period 
the sar^jles were removed and cooled under the tap. The pH of the 
solutions were measured before and after heating, 
d. Centrifngation» The sai!5>les (heated or unheated) were placed 
in 50 cc. centidfuge tubes and centrifuged for one hour at top speed in 
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the Sorvall SS-1 high speed angle centrifuge. Solvents and salt 
solutions trere treated in the sane fashion. 
e. Transfer. Care had to be exercised in handling a centri-
fuged s 315)16 to prevent remixing of isip-urities and aggregated denatta:-
ed material which had settled to the bottom. There was seldom a visible 
precipitate in the tubes but examination with a strong beam of light 
frequently indicated a concentration of inpurities at the bottom of the 
tube. 
The transfer was made using mild continuous suction applied to the 
sanple in the centrifuge tube. The centrifuge tube was placed in the 
holder attached to a rack and pinion mounted on a ring stand# The 
centrifuge tube could be raised or lowered by the rack and pinion to 
facilitate removal of solutions at the desired level. The sas^jle was 
transferred through a capillary tube and was discharged into the 
scattering cell held in a vacuum desiccator. Mild suction was achieved 
by means of a tube from the desiccator connected through a two way 
stopcock to a carboy containing water. The water in the carboy was 
discharged through a siphon into the sink. The rate of transfer was 
controlled by the tro way stopcock. Four scattering cells could be 
filled successively without removing the cover from the desiccator. 
The covers of the cells were displaced just enough to permit filling 
them from the capillary and provision was made to permit replacement of 
the cell covers without removing the desiccator cover. This was 
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accosrolished tijr means of a glass rod inserted through a rubber stopper 
in the cover of the desiccatcr. The cells were pushed outward by the 
rod forcing the covers to sHde into position. The capillary used for 
transfering the sairole could be rinsed in place or replaced with a clean 
one as the e:q)eriment demanded. The Ccpillary was so designed that the 
contents of the tube discharged back into the centrifuge tube when the 
desiccator was opened to the atmosphere by means of the two way stopcock. 
f. Methods for makinf^ dilutions and adjusting the final salt 
concentrations. Dilution series may be run either by preparing a 
sample of relatively high concentration, measuring the turbidity, then 
diluting with clarified solvent enploying the transfer technique described 
above or by preparing a sanple of low concentration and adding solution 
of high concentration. Both methods were tried. The second method was 
discarded in view of the fact that it is desirable in denatupation 
studies to denature at as low a concentration as practical (high 
concentration favors aggregation). The relative concentrations of the 
various dilutions was followed by weighing the cell before and after 
successive additions of solvent. The absolute concentrations were de­
termined by nitrogen analysis as described later in this section. 
It was found that while dilution series run in the above described 
manner gave depenoable results for native protein, the restilts for 
denatured ovalbumin in the presence of salt were tmreliable. The 
turbidity of heated ovalbumin sanples to which salt had been added was 
a function of time (time = 0 at addition of salt). This will be 
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discussed in greater detail in a later section. In order to get 
reliable resTilts on heated solutions the following procedure iras 
foUorred; the filtered san^^le was heated without the addition of salt; 
aliquots of the heated sannle were diluted with salt free solvent to 
give four concentrations (generally about C,8, 0.6, O.ii, and 0.2 gin/lOO 
ml.). These solutions were then centrifuged and 30 ml. transfered to 
scattering cells. They were checked for clarity by observing them 
in the light bean at angles near 0° and by checking scattering at iiS", 
OQ", and 135" in the scattering instrument. Each dilution in turn was 
then adjusted to the desired salt concentration by adding 10 ml. of a 
more concentrated salt solution to 30 ml. of the sasple. The sairole 
was thoroughly stirred and immediately read in the light scattering 
photometer. Successive readings were made at 90" for at least the first 
30 minutes. Readings were also taken at h5" and 135"» Whenever the 
turbidity increased rapidly with time a plot was made (Rjj vs time) and 
the curve extrapolated to time = 0. The Hc/f vs concentration curves 
obtained using this procedure were satisfactory and reproducible. 
The water used for the preparation of all sanmles was redistilled 
in an all glass apparatus. The still was so designed that the condensate 
was collected in a Pyrex receiver which acted as storage until the water 
was used. 
C. Measurement of Turbidities 
The method for the measurement of turbidity using the light 
scattering photometer has already been described in the section describing 
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the instrument. Frequent check on the instrument was using 
the plastic reference standard. Solvent blanks were run with nearly 
every series. Suitable corrections were applied for the turbidity 
of the solvent. 
D. Determination of Rrotein Concentrations 
The ovalbumin concentrations were determined using a modified 
Pregl micro-Kjeldahl procedure. SeOClg was used as catalyst. Digestion 
was allowed to proceed until the solution was clear, two drops of 30^ 
hydrogen peroxide added, and then digested for fifteen minutes more. 
The ammonia was distilled into five percent boric acid and titrated with 
0.01 N HCl. "Mixed" methyl red indicator was used consisting of 0.125 
gms. of methyl red and 0.0825 gms. of methylene blue in 100 ml. of 95^ 
ethyl alcohol. The per cent nitrogen in ovalbumin was taken as 15.75 
(80). 
E» Determination of pH 
The pH of all solutions and solvents was measured using a Leeds and 
Northn?) (No. 7661-Al) pH meter. The pH of the unheated san^jle was de­
termined just prior to final centrifuging. In tite case of heated samples 
the pH was determined before and after heating. 
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F. Control of Bacterial Action 
In general, light scattering measvirements can be conrpleted in less 
than eight hours. Occasionally, however, it is desirable to follow 
turbidities of protein solutions for longer periods of time. Protein 
solutions standing at room ten5)erature for periods longer than eight 
hours may shovr evidence of bacterial action. Contamination irith 
bacteria is easily possible in food laboratories during particularly 
humid TTeather. Bacteria were microscopically observed in three day old 
ovalbiunin sangjles standing at room tenroerature. Bacterial activity has 
marked influence on turbidity laeasurements. The first evidence of 
bacterial action appears in rapidly increasing dissymmetries obtained 
from measurements of kS" and 135" scattering intensities. The rise 
in dissymmetry is foUorred by an increase in turbidity until the 
solution becomes visibly turbid and shows pronounced secondary scatter­
ing in the light beam. This increase in turbidity is remarkably great­
er than the gradual increase acconpanying the standing of bacteria-
free ovalbumin solutions. 
No difficulty was encountered fi^jm bacterial growth in the course 
of this investigation as long as reasonable precautions were observed 
in thoroughly cleaning used apparatus at once. 
It was of interest to see if addition of bactericidal compounds 
to the solution would prevent bacterial growth ard if so to test 
whether the added confound would have a measureable effect on the 
OA PARACHLUROTHYMOL ADDLD 
J ! I I J I I 
0.2 O.Ii 0.6 0.8 
Concentration gm/lOO ml. x 10^ 
Fig. 13 iiffect of addition of parachlorothymol to heated and 
unheated ovalbvirain samples. pH 10.25. 
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apparent raolecid-ar ireight of the protein. Only parachlorothymol was 
tried for this purpose. This substance has loir molecular weight and 
had previously been tised successfully to prevent bacterial growth. 
Evidence for bsicteirial growth wsis missing in protein solutions to 
which 5 ml. of the saturated solution of parachlorothymol was added per 
each 100 ml. of solution. Controls without parachlorothymol showed 
bacterial activity both microscopically and by turbidimetric measure­
ments. 
The addition of parachlorothymol to ovalbumin solutions apparent­
ly has no significant effect on the apparent molecular weight. Fig. 
13 shows the results on such a test. The sanjjle was divided into four 
portions. Parts 3 and it were heated l5 minutes at the boiling point of 
water. Parachlorothymol (2.5 ial/50 ml. of solvent) was added to parts 
1 and 3. There is a difference in the apparent molecular weight of the 
heated and unheated samples but no significant difference was observed 
between those containing and those not containing parachlorothymol. 
It was found unnecessary to add parachlorothymol to any of the 
sasples reported in this thesis except those discussed in this section. 
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V. SZPERBSNIAL RESULTS Al® DISCUSSION 
A. Apparent Molectilar "JTeights in Solutions of Jjok Salt Concentrations 
It is Tfell known that when ovalbumin is heated in solutions con­
taining appreciable concentrations of inorganic salts aggregation takes 
place. The solutions become visibly turbid and under some conditions 
coirolete coagulation occurs. It vras of primary interest in this study 
to find, if possible, conditions under which ovalbumin could be de­
natured by heat irithout any or with only a minimum of aggregation. It 
was decided at once that the denaturation step should be carried out 
Tfith solutions containing as small an amount of foreign ions as pos­
sible, The heated saag^les contained only enough NaOH or HCl to produce 
the required pH. In order to keep the system as simple as possible the 
early eroeriments were run without the addition of salt at anytime during 
the determination. The results obtained were erratic and appeared to 
be quite dependent on the method of preparation of the sanple. For 
exanrole, the results on two series of heat denatured sau^jles were as 
followss 
Series A Series B 
















The only apparent difference in the two series was in the TnamnA-r and 
procedure of adjustasent of pH» It is now Vnrnnn that very 
snail differences in the xonic strength of solutions can account for 
this noted erratic behavior# 
Three facts becane evident from this early work: that all determi­
nations of nolecular weight on the native protein in essentially salt 
free solutions over a pH range of 6.5 to 11.5 gave values lower than 
expected and ranged from 16,000 to liTjOOG; the molecular weights ob­
tained for heated sac^jles over the sane pE values gave ^parent mo­
lecular weights both lower and higher than hSyOOO and ranged from 16,000 
to 120,000; in every case where native and heated sanples were run 
simultaneously at the same pH, the heated saaple had the higher apparent 
molecular weight. The cTirves of Fig, 13 nay be taken as typical ones 
for heated and unheated saaples measured at low ionic strength. In 
this instance the molecular weight for the native protein sample was 
37jliOO while that for the heated one was 1^6,800. These measurements 
were made on solutions at a pH of 10.9. It should be noted that at 
this pE the ionic strength has been increased somewhat by the necessary 
addition of NaOH. 
The results of later more carefully controlled measurements of 
solutions before addition of salt are recorded in Table 2. These values 
were calculated from scattering data on the assuirotion that Hc/y" 1/M. 
This assumption is not particularly good for salt free solutions even at 
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the loir concentrations (0.17 gjo/lOO ml.) at which the scattering data 
tras obtained. Molecular -weights so calculated are expected to be low. 
It was convenient to secure the data in connection irith the determi­
nation of apparent molecular weights of heated and unheated ovalbumin 
solutions to which salt had been added immediately before tirbidity 
measurenjents were made. It was hoped that the data on the salt free 
solutions could be correlated on at least a qualitative basis with the 
more reliable molecular weights determined on the salted ^ solutions. 
Con5>arison of values for the salt free solutions with those of the 
salted ones indicates that the apparent molecular weight of the un-
salted samples are always lower than those of the salted ones; that 
for the heated sasroles the apparent molecular weights of the unsalted 
samples pass through a minimum at the same pH as the salted ones; 
that the molecular wei^t of the unheated salt ft*ee sample at the 
isoelectric point approaches that of the salted san^le; that at extremes 
of pH the molecular weights of the unsalted samples approach those of 
the salted ones. This is interpreted as being due to the appreciable 
ionic strength arising from the acid or base reqidred to produce extremes 
of pH, 
The tern "salted" refers to a solution which has had its ionic 
strength increased by the addition of a salt solution. (See Sec. IV-
3.), The term "unsalted" refers to a solution which contains only the 
dissolved protein plus enough KaOH or HCl to produce the desired pH. 
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fthile it is apparent that reliable molectilar ireights cannot be 
obtained from the linear extrapolation of Hc/t ts concentration ciffves 
obtained from meas'jrement of turbidities of salt ftee solutions such 
measurements ha7e served to give direction to later experiments# 
B. Apparent Molecular Weight in the Presence of Added Salt 
It became clearer as this experiment proceded that the molecular 
•sreight of native ovalbumin in buffer solutions •was in agreement -nith 
the literature values for ovalbumin while molecular weights determined 
in salt free solutions frere too low. 
Use of the visual instrument described in this study necessitates 
the measurement of turbidities on solutions of concentration greater than 
0.1 gm. of ovalbumin per 100 ml. of solution. J. T. Edsall, H» Edelhock, 
R. Lontie, and H. E. Morrison (30) have recently discussed very ably the 
effects of charge and ionic strength on light scattering measurements of 
Bovine serum albumin. Using a photoelectric instrument they were able 
to measure turbidities of protein solutions of considerably lower concen­
trations than was possible in this investigation. They demonstrated 
that if a straight line plot of Hc/'T vs concentration is used for 
solutions of very low ionic strength, and only those points obtained 
for concentrations greater than 0.15 s^lOO ml. are used, extrapolation 
to zero concentration gives values of Hc/rwhich are too large. This 
leads to low results for the molecular weights. Furthermore it is 
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apparent from their irork that the slope of the cirve is very sensitive 
to saall changes in the ionic strength. As the ionic strength is 
increased the slope decreases^ approaching zero at still relatively 
low ionic strengths .015)• It was further observed that as the 
charge on the protein decreases the slope decreases thus offering an 
explanation for the relatively good agreement between apparent molecxilar 
weights obtained for native salted and xinsalted sacgjles at a pH of i;«85. 
Sdsall, et al, made it clear that the increase of turbidity was simul­
taneous with the increase in ionic strength, apparently eliminating the 
possibility that the increase in turbidity was due to the association 
or aggregation of protein molecules. 
I^he differences in curves obtained with ovalbimiin in buffered and 
unbuffered solutions at the same pH have already been noted. It was of 
interest to prepare a dilution series of native ovalbumin without the 
addition of buffer until after turbidity readings were made on the un­
buffered solutions. Concentrated buffer solution was then added in 
proper proportion to each concentration in turn. The final ionic strength 
after adjustment with buffer was 0.2. Readings were made within a 
minute of the addition of salt solution and for a period of time there­
after to follow any possible change of turbidity with time. The 
resulting Hc/7-vs concentration curves are shown in Fig. lU. The rise 
in ttirbidily was immediate with no significant change with time thereafter. 
The points on the lower curve were obtained vrithin a minute of those on 
Concentration gm/ml x 10 
Fig. 11, Effect on HC/T vs concentration curve on 
addition of buffer to a salt free ovalbumin 
solution. 
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the "opper tinbuffered curve, 
Siailar esperiments "were carried out on heated ovalbumin sanqjles 
at pH 2.50, 3>10 and 8,90. In these e:q)eriments the ionic strength was 
increased by the addition of NaCl solution to the salt free solutions. 
The results are given in Figs, 15 and 16, It may be noted that in the 
salt ftee curves at low pH the HC/T" value at the lowest concentration 
is falling off indicating that these curves night extrapolate to the 
same value obtained for solutions containing salt. The ^parent molecu­
lar weight for the heated sanple at pH 3*10 is much higher than at pH 
2,5b, This is consistant Trith later findii^gs and the known fact the 
ovalbumin readily coagulates in the region of its isoelectric point. 
In all cases it "mas observed that the slope of the curves for solutions 
containing salt approach zero. 
Heated ovalbumin san5)les shotr the same immediate increase in tur­
bidity with increase in ionic strength. Unlike the native saa^les, 
however, the turbidity continues to increase with time. This is demon­
strated in Hgs, 17 and 18, In these figures the scale readings 
(directly proportional to the turbidity) are plotted against time. 
Time zero is taken as the moment of addition of the salt solution. Fig. 
18 is for an ovalbumin sanple heated at pH 8.90, The final ionic 
strength was adjusted to 0,05, The triangles on the ordinate at 
time zero indicate the adjusted readings of the solution before increas­
ing the ionic strength. The first readings on the salted solutions 
were made within one minute after addition of salt. The initial rise thus 
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Fig. 15 Effect on HC/T" VS concentration curves on addition 6f salt to 
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Fig, 16 Effect on HC/T" VS concentration curves on addition of salt to 
heated ovalbumin solutions# High pH» 
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Fig. 17 Change in turbidity reading (RR) with time on addition of 
salt, pH 3.00. Final ionic strength 0,05U. 
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Fig. 18 Change in tvjrbidity reading (Rj^) with time on addition of salt. 
pH 8.90. Final ionic strength 0.05» 
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occxirs at once and is interpreted as corresponding to the similar 
increase in imheated saa5)les» 
There is no significant increase in reading TTith time for the sajigjles 
before addition of salt. The increase of Rjj "with time for the salted 
sample indicates that aggregation of the ovalbumn is taking place. 
This view is in accord trith earlier observations on an experiment in 
which the ionic strength of both heated and unheated samples was adjiist-
ed to 0,2 with soditm chloride before centrifuging the saD5)les. The 
heated sanples, before addition of salt, were clear to the eye and 
remained so after addition of salt tintil placed in the centrifuge. ^ 
visible turbidity was noted on removal from the centrifuge. In the 
case of the heated sample at pH 6.95 the solution was quite turbid and 
a small portion of the aggregated protein bad centrifuged to the bottom 
of the tube. Measurements with the light scattering photometer lead to 
exceptionally high apparent molecular weights. At pH 6.95> 8.35> 10.1;5 
10.80 the molecular weights were 2,$00,000, 1,100,000, 690,000, and 
560,000. The Hc/f curves are shown in Fig. 19. Native samples run in 
identical fashion (except for heating) gave normal molecular weights 
for ovalbumin. At tne same pH values (6.95> 8.35a 10.U5 snd 10.80) the 
molecular weights for the unheated sac^^les were 59,000, li8,500, 1^8,000, 
and L;LI,000. The high, 59,000, value at pH 6.95 may not be surprising 
when one considers the high rate of aggregation of denatured ovalbumin 
in the uresence of salt at this pH and the natural lability of ovalbumin. 
Fig. 17 shows the effect of time after addition of salt on the 
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Fig, 19 HC/T VS concentration cxu'ves for heated and unheated ovalbumin 
samples to v/hich salt had been added 90 minutes before readings 
y/ere made. 
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Immediate increase in turbidity on addition of salt is observed. The 
rate of aggregation is extremely rapid. The apparent molecular ureight 
as calculated on the basis of a straight line plot of the Ec/7' vs 
concentration values is lli3,000 for the san^jle before the addition of 
salt and 286,000 for the saiaple inanediately after. The high molecular 
weight even before increasing the ionic strength indicates that aggre­
gation has proceded to a great extent during denaturation in the salt 
free solution. The points on the salt free solution curve fall off at 
lower concentration and can reasonably be extrapolated to the same 
value at zero concentration as for the curve of the salted solution. 
It is believed that the molecular weight obtained from immediate read­
ings after addition of salt are due to the state of the ovalbumin 
particle in the sanrole before the addition of salt. 
It seemed probable that the two effects (increase of reading on 
changing ionic strength and increase in reading with time due to aggre­
gation of the protein in heated sauries) are independent of ionic 
strength as long as the ionic strength exceeds a TTilm'Tnal value. The 
second effect seemed to be dependent on concentration, ionic strength 
and charge on the protein. The rate of aggregation after addition of 
salt was increased by increase in concentration and/or ionic strength, 
and is increased as the charge on the protein is decreased. In order 
to substantiate this idea three identical heated samples were prepared 
at a pH of 2.1iO. The ionic strength of one saa5)le was adjusted to 0.015 
with NaCl solution. The ionic strength of the second was adjusted to 
0.025 and the ionic strength of the third was adjusted to 0.055. 
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Readings irere inade imnediately after additions of salt and at suitable 
intervals thereafter for soaie 15 hours. The results are plotted in Fig. 
20. The initial readings for all samples before addition of salt 
solution Tvere the sane and this value Tjas indicated (corrected for change 
in concentration on addition of NaCl solution) by the triangle. The 
sane initial rise was observed for all three samples. The initial 
innediate rise was followed by a ccntinued increase in turbidity Trioich 
is dependent on the ionic strength of tbe sanrole (concentration and 
pH constant), 
C, Apparent Molecular Weight of Ovalbumin as a Function of pH 
The aggregation of ovalbumin with time due to the addition of low 
concentrations of salt was only of secondary interest. Of major 
concern was the development of experimental techniques which would per­
mit the measurement of significant particle weights of denatured oval­
bumin, In order to accoii5)lish this, it seemed evident that the ionic 
strength most be raised above a TrnnTimrm value or apparent molecular 
weights which are too low will be obtained. On the other hand increas­
ing ionic strength promotes secondary aggregation requiring the ionic 
strength to be held as low as possible. By proper choice of protein 
concentration and final ionic strength optimum conditions have been 
found which yield reliable apparent molecular weights. Fttrthermore by 
using salt solutions to raise the ionic strength to 0.015 or greater 
10 
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Fig. 20 Change in turbidity reading (%) with time on adjustment of 
ovalbumin solutions to the ionic strength indicated. pH 
2.I4O. 
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immediately before measioring turbidities, curves plotted using the 
equation 
Bc/rf = 1 + 23 c 
M 
have essentially zero slope. It appears, therefore, that it nd^ht be 
possible to neasure turbidities at a single concentration and still be 
able to calculate reliable values from such data. 
Solutions were prepared and turbidities measured over a wide pH 
range. A stock solution (l.Sl gm. ovalbuaiin per 100 ml. solution) was 
prepared and filtered. Only enough stock solution was prepared at a 
tine to last 3 to i; days. The stock solution was stored in a cold room. 
Twenty ml. of stock solution was added to 20 ml. of double-distilled 
water containing enough 0.1 N NaOH or HCl to give the desired pH. Ten 
ml. of the resulting solution was transferred to a centrifuge tube and 
diluted to hO ml. Tilth water adjusted to the same pH. The remainder of 
the solution was heated at 100 "C for 15 minutes, then cooled under the 
tap. Ten ml. aliquots were placed in centrifuge tubes and diluted to 
i;0 ml. with water adjusted to the same pH as the solution. The pH of 
the san5>les was measured before and after heating. All portions were 
then centrifuged for 1 hour as were the salt solutions to be used for 
adjuslaaent of ionic strer^h. Thirty ml. of each fraction was transferred 
in the usual manner to scattering cells. Turbidities of the sarples were 
measured before adding ssilt. Ten ml. of centrifuged salt solutions were 
added to the san^jles to make the final NaCl concentration due to the 
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addition equal to 0.01, 0,02, 0.05 molar. Readings were made inmedi-
ately after nriying and followed as a fianction of time for 30 iniiiutes 
or longer. 
"With the exception of sanQ^les having pH valxtes approaching the 
isoelectric point, Hg increased only slowly irith tine and all readings 
on the individual sample taken during the first 15 to 30 minutes were in 
good agreement. The rate of increase of after the initial 
becomes greater as the isoelectric point is approached. The first 
readings in such cases were used for calculation of the apparent molec­
ular weights. It is reasonable to assume that the molecular weight so 
calculated will be inclined to be high, the error increasing as "Uie 
final ionic strength of the solution is increased. Identical heated 
sajiroles were adjusted to different final ionic strengths at nearly 
every pH to increase reliability in the determined molecular weights. 
If the apparent molecular weights are in agreement at two different ionic 
strengths the evidence is good that the ionic strength was neither so low 
as to restrict the initial instantaneous rise of turbidity on increasing 
the ionic strength nor so high that rapid subsequent aggregation occurs. 
Table 2 gives the apparent molecular weights of heated ovalbumin 
san5)les at various pH values for the determination made as described above. 
The tabulated molecular weights for salt free solutions have been dis­
cussed. The ionic strength is not zero in solutions to which no salt 
has been added. This is due to the necessary addition of NaOH or HCl 
to adjust the protein solution to the desired pH. At extremes of pH the 
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Table 2 
Apparent molecular ireights of heated ovalbumin sai^jles 
at various pH values 
nE M,W. at added salt concentration indicated 
before after / 
heat- heat-
ing ipg 
0,00 0.01 0.02 0.05 
1.50 1.50 0.03U 
1.95 2.00 0.012 
2.35 2.i;5 0.005 
2.75 2.85 0.003 
3.70 3.70 0.001 
6.85 0.000 
7.20 0.000 
8.00 8.00 0.000 
9.55 8.35 0.000 
10.20 9.20 0.000 
10.55 9.90 0.001 





































/<' is the contribution to the ionic strength due to the addition of 
NaOH or HCl to the protein solution to adjiist to the desired pH. 
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contribution to the ionic strength by the added acid or base is appreciable. 
At a pH of 1.50^' is high enoiigh that addition of more sd.t has no effect 
on the apparent molecular weight. The high moleciJ^ weights at very 
lo»r or very high pH are probably diie to the relatively high ionic strength 
during denaturation. 
The agreement between sanmles adjusted to different final ionic 
strengths is good as long as the final iordc strength is 0,015 or greater. 
As the ionic strength decreases below 0.015 it is expected that the B 
tern in the turbidity expression becomes increasingly larger. The slope 
of the HC/T'VS concentration curve will no longer be zero. In order to 
get reliable molecular weights at final ionic strength belovr 0.015 regular 
dilution series should be run. If moleculur weights are to be determined 
on saji5)les having extremely low ionic strength it will be necessary to 
make measurements at very low protein concentrations. 
The general agreement between samples adjusted to different ionic 
strength also indicates that, aggregation produced by the increased concen­
tration of salt does not prevent significant measurements from being made 
on denatured san^jles. However, as the isoelectric point is approached 
from either side aggregation is increased enormously on the addition of 
salt. The rate of aggregation is dependent on the salt concentration. 
The readings after addition of salt cannot be made soon enough to prevent 
the aggregation from contributing to the reading. Under these circum­
stances higher apparent molecular weights are obtained at higher final 
salt concentrations. Exact particle weights of denatured sairoles in the 
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I neighborhood of the isoelectric point are of little interest. The 
I 
! evidence is stifficient to shoir extensive aggregation even in solutions 
1 
i of very low ionic strength, 
i 
i  Table 2 also tabulates the pH values measvred before and after 
i heating the ovalbunin sacroles. The change in pH upon heating "was not 
t 
i  great on the acid side of the isoelectric point. On the alkaline side 
j  
I of the isoelectric point the change is unich greater. It is of interest 
f 
t 
to note that below a pH of 8,00 heated sairoles have a higher pH than 
before heating while above a pH of 8,00 the reverse is true. This 
reversal was also noted earlier in this investigation Trhile studying 
apparent molecular weights in salt free solutions. 
Table 3 gives the apparent molecular weights of unheated sanples 
at pH values corresponding to those of the heated sanmles in table 2. 
High nolecular weights were found at extremes of pH. At either very 
I low or very high pH it is unlikely that one is still working with 
1 native protein. Undoubtedly some denaturation has taken place at pE 
I 
j 1.50 and 11.55 accon^janied by aggregation promoted by the higher ionic 
strength at these pH values. In fact it was observed at pH 1,50 that 
increased with time in a manner similar to heat denatured sanmles. 
The near agreement between the unsalted and san^jle after salting is 
again significant of the relatively high ionic strength (0,031;) of the 
unsalted sarrole, 
The relatively high molecular weight at pH ii,85 is in accord with 
the known behavior of ovalbumin at the isoelectric point. See M. Bier 
loli 
Table 3 
Apparent nolecular weights of nnheated ovalbumin 
samples at various pH values 
pH / yu M¥ at added salt concentration indicated 
0.00 0.02 0.05 
1.50 0.03U 107,000 llii,000 
1-9$ 0.012 li5,5oo 53,900 
2.35 0.005 39,ii00 i;7,200 
2.75 0.003 21,900 U2,200 
3.70 0.001 20,500 ii5,700 
li.85 0.000 6,200 68,000 
7.20 0.000 19,800 51,000 
8.00 0.000 11,300 51,800 
9.55 0.000 9,900 li6,200 
10.20 0.000 15,800 5U,ooo 
10.55 0.001 18,200 50,600 
11.55 0.006 52,100 75,800 
AA' is the contribution to the ionic strength due to the addition of 
NaOH or HCl to the protein solution to adjust to the desired pH. 
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and F. Kord (5) and TT. Heller and H. 3. Klevens (38)# The agreenent 
in molecular ireight in the vmsalted and the salted solutions at pE 
U.85 is in accord Tilth the observation of J. T. Edsall, et ^  (30) 
that the B term in the ttirbidity e:q)ression approaches zero as the 
charge on the protein approaches zero. 
The apparent aiolecular trei^ts for the heated and unheated samples 
to which salt had been added are plotted vs pH in ilg. ZL. The apparent 
molecular -weights of the •unheated samples are reasonably constant except 
at very high and very low pH values. Tsro regions, one at a pH 2.2;-2.5 
the other at pH 9-10 give apparent molecular weights approaching those 
of the imheated san^jles. These curves indicate that it is possible to 
obtain solutions of heat denatured ovalbunin essentially free from 
aggregation. The curves substantiate the view that aggregation increases 
as the charge on the protein decreases. This is evident from the sharp 
rise in apparent molecular freight as the isoelectric point is approach­
ed, Furthermore aggregation is promoted by increased ionic strength. 
This is particularly true when ovalbumin solutions are heated in the 
presence of other ions as was the case at high or lew pE. 
J. F. Foster and E. Samsa (32) obtained a similarly shaped curve 
to Fig. 21. They measured the particle length of heat denatured 
ovalbumin as a function of pH using the flow birefringence technique. 
The minimum tfaey obtained in their plot of length vs pH corresponds to 
the minimum observed in this study. The increase in length correspond­
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Fig. 21 Variation of apparent molecular weight of heated aiid unheated ovalbumin 
samples with pH. Concentrated salt solutions were added to make the 
final salt concentrations indicated. 
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their irork. It is entirely probable that the losr characteristic lengths 
measured by them corresponds to the denatured iinaggregated ovalbumLn 
molecule. 
D. The Effect of Concentration and Heating Time on the Apparent 
Molecular Weight of Heated Ovalbumin 
an of the e:q3eriinents reported up to this point have been carried 
out by heating the protein at the boiling point of water for 15 minutes. 
The usual concentration of the sample at tine of heating was 0.70 to 
0.80 gm. of ovalbumin per 100 ml. of solution. Other conditions might 
be found trhich would effect denaturation and at the same time be less 
favorable to aggregation. 
Three saaples were prepared having concentrations of l.lii;, 0.66, 
and 0.33 gms. ovalbumin per 100 ml. of solution, ^hese solutions were 
heated at the boiling point of water and aliquots taken after 5> 15 and 
60 minutes. The aliquots were all cooled immediately under the tap. 
They were then all diluted to the same concentration with water of the 
same pH, centrifuged, transfered to scattering cells and the turbidities 
measured immediately after the addition of salt solutions to adjust 
the final ionic strength to 0.025 fcjr the series run at pH 2,hO and 0.05 
for the series at pH 8.65. 
The results are sunmarized in Table U. Ctarves are plotted in Figs. 
22 and 23 showing the effect on the apparent molecular weight of 
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Table It 
Apparent aolecular •weights of hea-ted ovalbumin: 
variation in length of tiae heated and in 
concentration at time of heating 
Gone. Observed laolecular "weight yhen heated 
gn/lOO EL L. 
5 min. l5 min. 60 min. 
pH = 2.U0 1.33 77,600 73,500 83,000 
•652 iU;,800 5U,100 69,000 
.327 li5,000 li9,800 57,500 
pH « 9.65 - 8.65 
l.Ul; 128,000 152,000 171,000 
.656 82,600 99,000 105,000 
.331 58,500 58,500 67,500 
H[ A!"  [ :  n  
OO M ; N 
.3 
J... 
0.6 0.9 1.2 
Concentration gm/inl x 10^ 
1.0 
22 Variation of appai'ent molecular weight vdth concentration 
at time of heating. Ovalbumin solutions were heated at 
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Concentration gm/ml x 10^ 
I'^ig. 23 Variation of apparent molecular weight with concenbrution 
at time of heating. Ovalbumin solutions were heated at 
100°C for time indicated. pH 8.6i?, 
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concentration at time of heating for sac^jles heated 5, l5 and 60 mintcbes. 
Both figures show that aggregation is promoted with increasing ccaacen-
tration although the effect is not as pronounced at pH 2»kO as at 8.65. 
Higher apparent molecular weights are obtained with longer heating time. 
I The effect of length of heating trae does not appear to be as pronounced 
S 
at lower ovalbumin concentrations. 
E. Dissymmetry 
Measurements were made with the light scattering photometer on all 
samples at hS", 90" and 135". ^he 90" readings were xised to calculate 
the apparent molecular weights already reported. The ratio of the 
corrected reading at U5° U5) to the corrected reading at 135" (% 
135) gives the dissymmetry of the sai^le. The readings were corrected 
by subtracting the readings of the solvent (clarified in the same 
: manner) at U5" and 135"* 
j The dissynmetry of a globular native protein such as ovalbumin 
• should approach unity inasmuch as the largest dimension of the molecule 
; is less than l/20th the wave length of the light used. It is believed, 
i however, that ths protein unfolds on denaturation. This "unfolding" 
: may materially increase the length of the particle. The dissymmetry 
i should increase as the length of the particle increases. Aggregation 
may further increase the length of the particle. Measurement of dis­
symmetry might thus provide information as to structural changes 
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occurring on denaturation and infomation on the mode of aggregation. 
The measurement of dissymmetry provides an easy means of semi-
quantitatively measuring the degree of sample contamination. It was 
possible by careful manipulation and suitable techniques to remove most 
of the dust and foreign material from the ovalbumin solutions. It was 
difficult, however, to be sure that the very labile ovalbximin had not 
undergone uncontrolled surface (or other) denaturation forming large 
enough aggregates to influence the apparent molecular weights obtained. 
Small "floes" were occasionally noted by observing the sample in the 
light beam at near zero angle. The observation of these "floes" was 
invariably accon^anied by an increase in the measured dissymmetry. It 
w£is believed that these particles may have been formed at surfaces 
during the manipulation of the sample. Recentrifuging the sanple 
generally produced a drop in dissymmetry. Unless the dissymmetry was 
extreme recentrifuging produced little or no change in 90® readings 
even though the dissymmetry droped. Inasmuch as dissymmetry measure­
ments are much more sensitive to small amounts of contamination than 
90® turbidity measurements, dissymmetries can serve as an indication of 
contamination. 
It was observed that a rise in dissymmetry preceded a rise in 
turbidity in sanroles contaminated with bacteria. In these san5)les the 
increase in dissymmetry was rapid. It rises to values greater than 2 
within a few hours after "fee first increase is noted. 
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It perhaps shotild not be surprising in view of the lability of 
ovalbumn to find it difficult to get reproducible, clearly interpretable 
dissymmetries from ovalbumin solutions. Examination of the accumulated 
dissymmetries of all saaples run in the course of this investigation 
failed to reveal any obvious quantitative relationships between the values 
obtained and factors thought to influence dissymmetry. 
The values obtained have been plotted in various ways in the hope 
of revealing some qualitative information of interest. Fig. 2h plots 
(h$)/R^ (135) vs pH. These values were obtained from solutions 
containing 0.17 to 0»2h gms. ovalbumin per 100 ml. of solution. There 
is no evidence of a significant difference between heated and unheated 
samples or between saji5)les before and after addition of salt. There is 
soiae pattern to the points if all are considered. This pattern indicates 
a possible ninimom in dissymmetry at a pH of 2.5 and near 9. This 
suggests correlation between Fig. 2k and Fig. 21. If the correlation is 
real a plot of dissymmetry vs apparent molecular weight should show a 
rise in dissymmetry with increasing particle size. Fig. 25 fails to 
show the relationship. Furthermore if there is a marked increase in 
dissymmetry with increase in particle size it should appear in the 
dissymmetry measurements made on heated samples which show secondary 
aggregation after addition of salt. Reference to Figs. 17 and 18 
show rapid increase in Eg (90) with time. The increase in the 90° 
reading indicates rapid aggregation and corresponds to a change from 
a particle weight of 286,000 to over 1,000,000 in three hours for the 
nit 
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Fig. 25 Dissynmetry vs apparent molecular weight, 
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sarple at pH 3.10 (Fig. 17). Figs. 26 and 2? give the dissyanetry 
as a function of time at pH 3.10 and 9.35. In these plots no signifi­
cant rise of dissyrmetry -mith time is apparent. 
The pattern in the dissymmetry vs pH values of Fig. 21; night be 
explainable on the basis of increased resistance to floe formation at 
pH 2.5 and 9, These pH regions are favorable to denatixration -without 
aggregation. It is possible that the type of aggregation which leads 
to the formation of floes (possibly at a surface) is also inhibited in 
these pH regions. Fig. 25 supports this view if one remembers that 
Rjj (li5) and (135) for samples of Iw apparent molecular treight (and 
low concentration) are only 2 to 1; times the solvent correction. Under 
these conditions even a little floe formation can lead to high dis­
symmetries. 
Theoretically a plot of dissymmetry vs concentration should enable 
one to determine the intrinsic dissymmetry of the ovalbvimin. The 
intrinsic dissymmetry is the value obtained for Rj. (i;5)/Bjj (135) as the 
concentration approaches zero. The intrinsic dissymmetry would permit 
a calculation of a characteristic dimension of the particle assximing 
some model for the denatured ovalbumin, Ejqaerimentally this was not 
possible due to the lack of reproducibility of dissymm.etries. The 
dissymmetries obtained for heated ovalbumin samples are plotted in Fig. 
28 at various concentrations, ISach variation in dissymmetry is observed 
but consideration of all values leads one to predict that the intrinsic 
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Fig. 26 Dissymiaetiy vs time for rapidly 
aggregating denatured ovalbumin 




















Fig. 27 Dissymmetry vs time for rapidly 
aggregating denatured ovalbumin 
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Jig. 29 Dissynmetry as a function of L/x' "where L is a 
characteristic dimension of the molecide and A' 
is the wave length of light in the solution. 
Figure reproduced from Oster (62). 
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Fig. 30 Dissynmetry as a function of the length of a rod. 
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for dissymmetry as a function of L/^' "wfaere L is a characteristic 
dimension of the molecule (diameter of a sphere, length of a rod, or 
root mean sq. distance bet»reen the ends of a random coil) and X' 
is the TTave length of light in the solution. The curves assume the 
particle to have the shape of a sphere, rod, or coil. In all three 
curves it can be seen that L/ X' is increasing very rapidly with dissym?-
metry in the region 1.05 to 1.25. A considerable variation in length 
can occur with a relatively snail change in dissymmetry. Assuming 
denatured ovalbumin to be best characterized by a rod. Fig. 30 can be 
used to find the range in length corresponding to the dissymmetry 
range 1.05 to 1.25. The range of lengths so obtained is UOO to 800 
O 
A. These values are roughly in agreement with those obtained by 
J. F. Foster and E. Samsa (32,33) using the flow birefringence technique. 
The lack of marked increase of dissymmetry with increasing molecular 
weight lends support to the view that ovalbumin aggregates laterally and 
not end to end. 
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VI. SUisMARX MD CONCLUSIONS 
1. A light scattering apparatus for the measurement of tirrbidity 
has been constructed. It is a visual instrument permitting 
measurement of scattered light at angles from -135 to +135° 
with respect to the incident beam. Measurement of turbidities 
of the order of 2 x 10"^ cm"^ is possible. Methods of oper­
ation and calibration are described, 
2. Procedures are discussed for the determination of the molecular 
weight of purified proteins. Results are given for ovalbumin, 
bovine serum albumin and lysozyme. 
3. The molecular weight of amyloheptaose was determined by light 
scattering and was found to agree with the calculated value 
within 10^. 
1;. Methods are given for the determination of significant particle 
weights of heat denatured ovalbumin. Concordant results were 
obtained only when the ionic strength was adjusted to 0.015 or 
greater and the readings made on all concentrations immediately 
after adding salt solution. 
5« Evidence has been given to show that bacterial growth can be 
inhibited in protein solutions by using very small concentrations 
of parachlorothymol and that such control does not influence the 
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observed molecrular "weight of ovalbumin. 
6. At pH below or above the isoelectric point the observed aolecolar 
freight of native and denattired ovalbimdn in salt free solutions 
was foimd to be lo'w. This probably is dxie to the decreased 
turbidity resulting fron long range interaction betsreen the charged 
protein aoleciales. 
7. Near the isoelectric point the observed noleciilar weight of native 
ovalbuinin appeared to be independent of the ionic strength, 
8. Addition of salt solutions to denatxred proteins promotes aggre­
gation. The rate of aggregation is increased as the ionic strength 
and/or the protein concentration increases, 
9. ^wo pH regions were found at which the aggregation acconpanying 
heat denaturation approaches a mininim. At pH 2.1^0 and 9.6 the 
apparent inolectilar weight of the heated saaroles approached those 
of the native sa25)les« 
10. At very low pH (less than 2) aggregation on heat denaturation was 
great. This was also true, but less noticeable, at very high pH 
(above 11). It is believed that this is due to the necessarily 
increased ionic strength required to produce solutions of low or 
high pH. 
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11. Unheated san^jles exhibit aggregation at extrenes of pH indicating 
that denatoiration has possibly occured, 
12. Aggregation was excessive for heat denatured samples in the region 
of the isoelectric point. 
13. Aggregation was increased by increasing the length of time heated 
and/or increasing the concentration at the time of heating. 
Hi. Dissyametry neasurenients were influenced by sanrole history to such 
an extent that conclusions could not be reached as to the dissyn-
isetries of heated and native ovalbumin. It seems, however, that 
the dissymmetry of heated denatured ovalbumin lies between 1.05 
O 
and 1.25 corresponding to a length of h00-800 A (assuming a rod). 
15. No significant difference in dissymmetries was observed between 
sanples showing little or no aggregation and those having particle 
weights up to 20 times that of the native ovalbumin. This lends 
ST:5)port to the idea that ovalbumin aggregates laterally and not 
end to end. 
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